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SECTION 1

INTRODUCTORY REMARKS

The first microwave sounder intended for operational use

was flown aboard the Air Force Defense Meteorological Satellite

Program (DMSP) Block 5D satellite system launched in June, 1979.

The microwave sensor (SSM/T) is a 7-channel scanning radiometer

in the 50-60 Gtz oxygen band region. The prime objective of

SSM/T is to provide data for deriving global basis temperature

profiles in the troposphere and lower stratosphere. Channel 1

(50.5 GHz) is a window channel responding strongly to the earth's

surface characteristics, dense clouds, and precipitation. Moreover,

the peaks of weighting functions for channels 2, 3, and 4 (53.2,

54.35, and 54.9 GHz) are below about 10 km.

It is known that the prime advantage of microwave over

infrared temperature sounders is that the longer wavelength micro-

waves are much less affected by clouds and precipitation. However,

to what degree and quantitative extent will clouds and precipita-

tion influence the brightness temperature values which would have been

observed under clear conditions? The objectives of the present

project under the sponsorship of the Air Force Geophysics Laboratory

have been (1) to develop a program for the transfer of microwave

radiation in cloudy and precipitating atmospheres, (2) to compare

the theoretical simulated microwave and infrared radiances with

• " BII .. . .I . . . . . .. . . . . . .. . . .. . "1 11 1 1 I II II] I1



observed values utilizing the required ground truth data when the

DMSP microwave and infrared data become available, and (3) to in-

vestigate the inference of temperature profiles under all weather

conditions.

Within the scope of these objectives and subject to the

availability of the DMSP data, this final report first presents the

theoretical foundation for the transfer of microwave radiation In

clear and cloudy atmospheres. Applications of the microwave pro-

gram to DISP SSM/T channels are then described. Sensitivity analyses

on the effects of clouds and precipitation on the upwelling brightness

temperatures for channels I - 4 are subsequently carried out. In

addition, we report the results of temperature profile retrieval

exercises using the simulated brightness temperatures computed from

the microwave radiative transfer program described previously.

Lastly, a number of selected case studies utilizing the real SSM/T

data recently made available to us are also carried out for the

temperature retrieval exercises by means of a statistical method.

These case studies cover the conditions for clear, cloudy and pre-

cipitating atmospheres.
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SECTION 2

THEORY OF MICROWAVE RADIATIVE TRANSFER

IN PLNE-PARALLEL ATMOSPHERES

2.1 Microwave Radiative Transfer in Clear Atmospheres

Consider a non-scattering, plane-parallel atmosphere which

is in local thermodynamic equilibrium and assume that thermal radiation

from the earth atmosphere is independent of the azimuthal angle *, the

general equation of transfer may be expressed in the frequency domain

as

d I (zu)
V d - I (zp) + B [T(z)] , (2.1)

~k pdz v V
V

where I V is the radiance at frequency v, k is the absorption coeffi-

cient, p is the density, ij=cose, 0 is the emergent angle, z is the

height, and B denotes the Planck function. For satellite sounding

applications, the observations are normally taken close to the up-

welling direction (jil). Thus, for the simplicity of discussions on

the transfer of thermal radiation in a non-scattering atmosphere,the

dependence on j contained in the radiance expression is omitted.

The radiance solution of Eq. (2.1) at the top of the atmosphere

in the upwelling direction is given by

IV(_) = IV(O)TV(O'-) + B V[T(z)] 3z dz, (2.2)

where Iv(O) represents the radiance contribution from the surface,

3
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and the transmittance rv(z,-) is expressed with respect to the top of

the atmosphere in the form

2 (z,-) = exp[-f kv(z')p(z')dz'] (2.3)

z

In the microwave region, since the emissivity c of the surface is

normally less than unity, there will be a reflection contribution from

the surface. The radiance emitted from the surface having a tempera-

ture Ts would therefore be given by

0 aT (Oz)
Iv(O) = e (Ts) + (1-) f BV[T(z)] a dz (2.4)

The first terms in the right-hand side of Eq. (2.4) denotes the sur-

face emission contribution, whereas the second term represents the

emission contribution from the entire atmosphere to the surface, which

is reflected back to the atmosphere at the same frequency. The trans-

mittance T (O,z) is now expressed with respect to the surface.

Inserting the lower boundary condition into Eq. (2.2), we

find

0 3aT (0,z)GoI (co) = cvvT)2 ( ' ' * (l- ,)T(O'=o) f BT(z)J Vz dz

+ B 8V[T(z)] 3z dz. (2.5)

In the frequency domain, the Planck function is given by

B V(T) = 2h v3/[c2(ehV/KT-1)] (2.6)

where h is the Planck constant, K is the Boltzmann constant,and c is

the velocity of light. Moreover, in the microwave region hv/KT<<l,

4



the Planck function may be approximated by

B (T) ' (2Kv2/c2)T • (2.7)

This is the Rayleigh-Jeans law, which states that the Planck radiance

is linearly proportional to the temperature. Furthermore, radiometers

which measure the thermal emission are usually calibrated with sources

at certain reference temperatures. Thus, we may define an equivalent

brightness temperature TB such that

IV = (2K 2/c2 )TB(v). (2.8)

Substituting Eqs. (2.7) and (2.8) into Eq. (2.5), the solution of

microwave radiative transfer may now be written in terms of tempera-

ture as follows:

0 a (z,c)

+ f T(z) az dz. (2.9)
0

The transmittance is generally available with respect to

the top of the atmosphere; i.e., Tv(z) = T (z,-). Thus, for computa-

tional purposes, it is desirable to express T V(0,z) in terms of

TV(z,a0). For monochromatic frequencies, the transmittance is an

exponential function of the optical depth as shown in Eq. (2.3).

Hence, we may write

z
T (O,z) = exp[-I k (z')p(z')dz']

= exp[-' kv(z')p(z')dz' + f kv(z')p(z')dz'J

z

= (o,.)I (Z,-) . (2.10)
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Moreover, since T (0,-o), the transmittance of the entire atmosphere,

is a constant value, we also find

aT V(Oz) TV(Om) aT (zo)az _ T(• (2.11)

Substituting Eq. (2.11) into Eq. (2.9), rearranging terms, and letting

T (z,a-) = T,(z), Eq. (2.9) may be rewritten to yield

aT (z)
TB(v) : T T (0) + f J  (z)  a dz, (2.12)

where the atmospher:c source term is given by

J (z) = {1 + (1-c )[7T(O)IT (z)] 2 } T(z) . (2.13)

2.2 icrowave Radiative Transfer in Scattering Cloudy Atmospheres

The basic equation of transfer for a plane-parallel cloud

layer consisting of absorbing gases in local thermodynamic equilibrium

may be written in the form

d I(T,) 1V" d v T " - " f P ( 'J' I (T 9I')dl'

(I-"v)Bv[T(T)] •(2.14)

In Eq. (2.14), 1V represents the monochromatic radiance of frequency

V, p the cosine of the emergent angle with respect to the zenith, T

the optical depth for cloud particles and gases within the cloud, PV

the normalized axially symmetrical scattering phase function, T the

cloud temperature, and the single scattering albedo

6



Bsvtsv (2.15)
s,V Ba,v k

where 0 s, and Ba,v denote the volume scattering and absorption cross

sections, respectively, for cloud particles at frequency v. The nor-

malized phase function can be expressed as a Legendre polynomial of

finite terms. By approximating the integration in Eq. (2.14) utilizing

Gauss' quadrature formula, a set of first order inhomogeneous differ-

ential equations can be derived. Upon searching the homogeneous and

particular solutions of the differential equations as outlined by

Chandrasekhar (1950), the complete solution of the scattered intensity

from an isothermal cloud having a temperature Tc at a given discrete

stream can be expressed as

I V(r,i) = ILOm (Vi)exp(-kmT) + B(T c ) , (2.16)mm

where m is the number of discrete streams employed, 0m and km repre-

sent eigenfunctions and eigenvalues for the differential equations,

and are associated with the scattering phase function and single-

scattering albedo, and Lm are a set of constants of proportionality

which can be determined from the radiation boundary conditions above

and below the cloud layer.

In the previous subsection, we pointed out that in the

microwave region, the Planck function is normally expressed in terms

of the temperature and the measured radiance is given by an equivalent

brightness temperature. Thus, using Eqs. (2.7) and (2.8), Eq. (2.14)

may be written in terms of the brightness temperature as follows:

7



d TB(Vt ;) a +1
dT = TB(vT;L) - -" -1 P(viv')TB(VT;Vi') d13'

dT 'T -1 B

- (1-i )T(T) . (2.17)

The solution of Eq. (2.17) can be derived in a manner similar to that

of Eq. (2.14) and is given by

Ts(V,T;Ui}) m LOm(pi)exp(-kmt) + Tc. (2.18)
m

Here the constants of proportionality Lm differ from those given in

Eq. (2.16) and are to be evaluated from the radiation boundary condi-

tions described below. Note that Tc. the cloud temperature, is in-ic
dependent of frequency v.

The inhomogeneous and nonisothermal structure of a cloud

layer may be taken into consideration by dividing the cloud layer

into a number of sublayers, each of which has a mean isothermal

temperature and is homogeneous with respect to the cloud composition.

At the cloud top, the downward brightness temperature is equal to the

brightness contributions from every point in the atmosphere above the

cloud top. This can be expressed by

TB(vlzt;-'L) = f T(z) dTl(z.zt;-ii) , (2.19)

where zt is the height at the cloud top and the negative sign on Pi

simply indicates downward transfer. Note here that we change the

T-coordinate to the height coordinate for the convenience of dis-

cussion. The transmittance in this equation is

8



T (ztz;ji.) 7 T(z,zt;-pi) exp[- f k (z')p(z')dz'].
SV t(2.20)

and in terms of transmittance with respect to the top of the atmos-

phere, we find

T i(ztSZ;ui) = T(zt.o;pi)/T (zo;pi)

= T (zt;j1i)/TV(z;pi), zt>z . (2.21)

Within the cloud layer, where scattering occurs, continuity of bright-

ness values from all directions is required. Thus,

TB(V,z ;i) - TB(v,zt+l;lii), L=I,2,...,N-l , (2.22)

where N is the total number of sublayers within the cloud.

At the lower boundary of the cloud, three brightness con-

tributions are immediately apparent. These include (a) the surface

contribution, (b) the direct atmospheric contribution from below the

cloud, and (c) the reflected atmospheric contribution from below the

cloud. A fourth, and perhaps less obvious, brightness contribution

at the lower boundary must be considered. Since the reflection of

downward brightness by the earth's surface is significant for micro-

wave radiation, the emergent brightness at the cloud bottom will

contribute to the lower boundary condition. That is to say, the

solution to the radiative transfer through the cloud affects the

boundary conditi.ons used to obtain the solution. This suggests that

an Iterative approach to the correct solution is required. Practically,

this is accomplished by assuming initially that the top-down throughput

9



of the cloud equals one. The emergent intensity at the cloud bottom

obtained by this assumption can then be attenuated by two trips through

the atmosphere between the earth's surface and the cloud base and by

the reflection at the earth's surface. This value is added to the

lower boundary condition and the solution to the radiative transfer

equation then produces a new value for the emergent brightness temperature

at the cloud bottom. From this solution a new top/down throuqhput can be

calculated and the process is repeated until the new throughput varies

from the old by less than one tenth. In all cases examined by this

study the iteration halted after only two steps. The lower boundary

conditions can then be expressed as

zb

TB(V,zb;*+Pi) = cVTsTv(Ozb;*Pi) + f T(z)dTV(z'zb;+vi)

z b

+ (1-C)TV(Ozb;+Pi)[ .1' T(z)d_ _(O°z;-Ui)

+ TB(v,Zt;-Ii c(-pi) , (2.23)

where is defined to be the top/down throughput of the cloud for

the stream defined by pi and zb is the height of the cloud base. It

is given by

c (2.24)

In Eq. (2.23), all the transmittances can be expressed in reference

to the top of the atmosphere. The numerical technique for solving a

set of simultaneous linear equations denoted in Eqs. (2.19), (2.22)

and (2.23) has been well documented in our previous Infrared studies

10
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(Llou et al., 1977; Feddes and Liou, 1977).

The microwave transfer program for cloud layers will give

the upward brightness temperature at the cloud top, i.e., TB(v zt;ui).

Thus, the upward brightness temperature at the satellite point of

view in overcast cloudy conditions may then be written as

oo t
T(v, ;u ) = TB(v, zt ;U)T(zt, =;4 ) + f T(z) dT (z, ;u.) ,

(2.25)

where the first term in the right-hand side of Eq. (2.25) represents

the contribution from the cloud top brightness temperature which is

being attenuated to the top of the atmosphere, and the remaining

term is the atmospheric contribution above the cloud top.

i



SECTION 3

APPLICATIONS OF MICROWAVE RADIATIVE TRANSFER PROGRAM

TO DMSP BLOCK 5D SSM/T CHANNELS

3.1 Characteristics of DfSP Block SD SSM/T Channels

The Passive Microwave Temperature Sounder (SSM/T) was

launched in June, 1979, in a sun-synchronous polar orbit, by the

United States Air Force as part of the Defense Meteorological

Satellite Program (DMSP) Block 5D package. Other equipment of

meteorological interest on board the space craft include visual and

infrared imagery channels and a scanning infrared spectroradiometer.

The SSM/T sensor is a cross track scanning radiometer, which acquires

data at 32 second i0tervals and at seven angular positions separated

by 12 degrees. The "footprints" of a scan for the SSM/T along the

satellite subtrack are shown in Figure 1. The horizontal resolution

is a near circle of 174 km diameter in the nadir direction, while it

is an ellipse with a major axis of 304 km and minor axis of approxi-

mately 213 km at the maximum scan anqle of 36 from nadir. Seven opera-

tional frequencies were chosen in the vicinity of a strong oxygen£

absorption band In the 50-60 GHz region. Figure 2 depicts the

weighting functions (3T/az) of the SSM/T channels in the nadir di-

rection for a surface emissivity of 0.97. Channel 1, 50.50 GIz, is

a "window" channel and senses at or near the earth's surface. Channels

2, 3, and 4 (53.20, 54.35 and 54.90 G4z) have weighting functions that

12
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Figure 2. SSM/T weighting functions (nadir) with antenna gain
characteristics included for a surface emissivity of 0.97.
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peak at increasing heights in the troposphere. The weighting functions

of Channels 5, 6 and 7 peak in the stratosphere with Channel 5 peaking

highest in the atmosphere near 28 km. The weighting functions result

from consideration of atmospheric absorption due to water vapor and

molecular oxygen. The peaks of these weighting functions indicate the

approximate location in the atmosphere from which most of the energy

that reaches the top of the atmosphere originates. The weighting func-

tions presented in Figure 2 also include the transmittance corrections

for antenna gain characteristics. The DMSP Block 5D satellite also

carries channels in the infrared. The Special Sensor H (SSH) is the

infrared temperature-humidity-ozone sounder consisting of six channels

in the 15 jim CO2 band, eight channels in the 18-30 pm H20 rotational

band, and one channel in the 9.6 pm 03 band.

3.2 Atmospheric Absorption and Scattering Parameters for

SSM/T Frequencies

Microwave frequencies between 50.0 and 60.0 GHz are affected

by several different atmospheric constituents. Gases in the atmos-

phere absorb and emit microwave radiation. Cloud droplets and

rain drops not only absorb and emit but also scatter the incoming

radiation.

3.2.1 Absorption due to gaseous constituents. The primary gaseous

absorbers in the microwave region are H20 and 02. Atmospheric nitrogen

gradually becomes a more significant absorber at frequencies greater

than 120 GHz, but has little influence in the vicinity of 60 GHz.

Other gaseous constituents occur in very low concentrations and, in

general, their effects are very small.

15



The 02 absorption spectrum in the microwave region is due

to the molecule's magnetic dipole moment. Figure 3 presents the

absorption coefficient of dry air versus frequency. The absorption

coefficient (decibels/km) shows a dramatic peak near 60 (liz and a

secondary maximum near 120 Giz. Both peaks are attributable to mole-

cular oxygen. The characteristics of this absorption spectrum were

first investigated by Van Vleck (1947). Other investigators have

built on his studies, culminating in a paper by Meeks and Lilley

(1963). For this study, the absorption coefficients for 02 were

calculated using Meeks and Lilley's parameters.

Water vapor absorption in the microwave is chiefly due to an

electric dipole moment. Initial studies were published by Van Vleck

(1947), Becker and Autler (1946), and King, et al. (1947). Rosenblum

(1961) gave an excellent summary of work done up to 1961. Figure 4

presents water vapor absorption (decibels/km) versus frequency in the

microwave region. It is seen that the values of absorption increase gra-

dually through the range of frequencies under investigation. It is

apparent that the absorption due to water vapor is less than that of

molecular oxygen for all the channels chosen for the SSM/T sounder.

Note, however, that even though the absorption coefficients for 02

are generally higher than those for H20, the two values are roughly

equivalent for the window channel at 50.50 Giz. H2 0 absorption

coefficients were calculated using the method of Barrett and Chung

(1962). Computer programs for determination of both of these coeffi-

cients were kindly provided by Falcone (personal communication).

j 16
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3.2.2 Scattering and absorption due to cloud droplets. The

application of Mie scattering theory enables the calculation of optical

parameters for assumed spherical particles given the complex index

of refraction, wavelength of incident radiation, and particle size

distribution. Although larger rain drops are known to deviate some-

what from the spherical shape, Mie theory still remains probably the

best currently available theoretical tool for analyzing the effects

of cloud droplets and rain in the atmosphere.

The Mie program used for the calculations in this study is

a modification for Univac computers of the program by Liou and Hansen

(1971). The output of the Mie computations include the coefficients

of the Legendre polynomial approximation to the phase function, the

extinction coefficient (km- I ) and the single scattering albedo. Note

that the extinction coefficient and single scattering albedo determined

here involve scattering and absorption by the particles as the only

mechanisms for extinction. These values are modified to include

absorption by the gaseous atmosphere within the cloud prior to their

use in the solution of the radiative transfer equation.

The complex indices of refraction for pure liquid water at

temperatures of +10 and -10* C have been determined by Savage (1976)

for several different frequencies. These values (Table 1) are based

on a least squares fit to the data of Saxton and Lane (1962) given by

Hollinger (1973). The complex indices of refraction for the SSM/T

channels as shown in Table 2 were obtained from Table 1 by linear

interpolation in frequency. For the purpose of this study the values

for 0* C are used throughout.

* 19
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Table 1. Refractive index mwmr-imr of pure liquid water.

Frequency T=10 ° C T=O0 C T=-100 C
(GHz) mr mi  m r mr i

19.35 5.87 2.96 5.20 2.94 4.64 2.81

37.00 4.32 2.60 3.83 2.37 3.46 2.12

50.30 3.76 2.29 3.37 2.03 3.08 1.78

89.50 3.00 1.67 2.76 1.42 2.60 1.20

100.00 2.89 1.56 2.68 1.31 2.54 1.10
118.00 2.75 1.39 2.58 1.15 2.46 0.96

130.00 2.68 1.30 2.53 1.07 2.43 0.89

183.00 2.49 1.00 2.39 0.81 2.33 0.66
231.00 2.40 0.82 2.33 0.66 2.29 0.53

Table 2. Refractive index of pure liquid water (SSM/T).

Channel Frequencies (GHz)
50.50 53.20 54.35 54.90 58.40 58.82 59.40

mr 3.37 3.32 3.31 3.30 3.24 3.24 3.23

mi  2.03 1.98 1.97 1.96 1.90 1.90 1.89
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Utilizing the wavelength and the associated index of refraction,

Mie scattering calculations for single particles may be carried out. Once

the absorption and scattering efficiencies for single particles have been

determined in terms of effective cross sectional area, the efficiencies for

a size distribution of particles can be determined by integrating over the

distribution. This area per volume relationship then has dimensions of

inverse length and is described as the absorption or scattering coefficient.

The extinction coefficient is then the sum of the absorption and scattering

coefficients. The drop size distributions used for this study are neces-

sarily numerical models. Two models have been chosen to represent nonpre-

cipitating and precipitating clouds, respectively. Deirmendjian's L-Model

cloud (Deirmendjian, 1969) drop size distribution is used for the nonpreci-

pitating case. It is given by

N(r) = ar' exp(-br ) , (3.1)

where r is the drop radius in mm and note that N(r) is in units of cm
-4

By varying the constants this model can be made to represent a variety of

cloud types. For this study, a=4.975XlO 7 , a=2, b=15.1186, and 6=.5. The

selection of the nonprecipitating cloud model here is hypothetical and we

fully realize that it is not a representative cloud model for typical

clouds occurring in the atmosphere which have normally insignificant effect

in the microwave frequencies. For the precipitating case, a theoretical

drop size distribution based on rainfall rate is used (Marshall and

Palmer, 1948). The distribution is expressed by

N(r) = 0.16 exp(-2r6) , (3.2)
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where 6=41 R"'2 1 and R denotes rainfall rate (mm/hr.). This exponential

behavior of drop size distribution has been experimentally verified by

Gunn and Marshall (1958) and Sekhon and Srivastaval (1970).

The phase function in terms of Legendre polynomial coefficients,

extinction coefficients, and single scattering albedos calculated for

each SSM/T channel from Mie theory are tabulated in Tables 3-13. Since

the extinction coefficient input to the radiative transfer program must

be in units of (km I),the final values output by the Mie program have

been multiplied by the proper constant to obtain these units.

3.3 Atmospheric Profile and Cloud Models Used

Two climatological profiles were used for the sensitivity

study. The first profile was derived from the northern hemispheric

mid-latitude Spring/Fall climatology contained in the U.S. Standard

Atmospheric Supplements, 1966. The second profile was derived from

the climatology for 300 north latitude, July, contained in the same

source. For both profiles temperature and height values were inter-

polated to 40 standard pressure levels used for this study. Mixing

ratio values for levels below 250 mb were obtained from a Skew-T dia-

gram and hence are saturation values. Above 250 mb a constant mixing

ratio of 3 parts per million was used. The profiles for the mid-

latitude Spring/Fall and the 30* N latitude, July, are depicted in

Figure 5.

To account for the total water within the cloud, the

vertical liquid water content is customarily used. For spherical

particles the droplet volume per unit volume of atmosphere is given

by
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Figure 5. Climatological temperature and water vapor profiles for the
northern hemispheric mid-latitude Spring/Fall and 300 north
latitude, July.
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V J r3 N(r)dr. (5.1)
0

Therefore the total liquid water content per unit volume of atmosphere

is

W 7r pfr3 N(r)dr (gin cm 3) , (5.2)
0

-4where r is in units of cm, N(r) is in terms of cm- .and the density of

liquid water p is 1 gm cm"3 . For the Deirmendjian L-Model we have

W = 1.16678(10 "2) (gm cm"2 km-1) , (5.3)

while for the Marshall-Palmer size distribution we find

W = 1.77883(10 -2 ) R"84 (gin cm-2 km l) . (5.4)

Table 14 contains the total mass of liquid water within a column of

1 cm2 cross section for the cloud models used.

Table 14. Total liquid water content (10-2 gm cm-2).

Thickness (km) 1 2 3 4 5

Deirmendjian 1.16678 2.33356 3.50034 4.66712 5.83390

Marshal l-Palmer
R(mm/hr)

1 0.88941 1.77882 2.66823 3.55764 4.44705
2 1.59209 3.18418 4.77627 6.36835 7.96044
3 2.23812 4.47625 6.71437 8.95249 11.1906
4 2.84992 5.69984 8.54975 11.3997 14.2496
5 3.43745 6.87491 10.3124 13.7498 17.1873
10 6.15321 12.3064 18.4596 24.6129 30.7661
15 8.65005 17.3001 25.9502 34.0020 43.2503
20 11.0146 22.0291 33.0437 44.0583 55.0728
25 13.2853 26.5706 39.8559 53.1412 66.4266
30 15.4840 30.9681 46.5421 61.9361 77.4201

35



I

SE CTI ON 4

SENSITIVITY ANALYSES ON THE EFFECTS OF CLOUD AND

PRECIPITATION ON THE DMSP SSM/T CHANNELS

In this section, we present the results computed from the

microwave radiative transfer program for cloudy atmospheres described

in Section 2. The computations utilize the single-scattering para-

meters presented in Section 3 for input to the transfer program. In

view of the weighting function diagram depicted in Figure 2, it is

anticipated that only 50.50, 53.20 and 54.35 GHz (channels 1-3) whose

peaks of the weighting function are below the tropopause will be

affected by clouds and precipitation. However, in the following

analyses, 54.90 GHz (channel 4) is also included in the computations.

Effects of the rainfall rate and cloud layer thickness on the up-

welling (l=l) brightness temperature over land and ocean surfaces are

first discussed. Computational results due to variations of the cloud

location and atmospheric profile are then reported. Physical inter-

pretation of the results are given in the last Subsection.

4.1 Dependence on Layer Thickness and Rainfall Rate

To determine the effect of varying cloud thicknesses on the

brightness temperatures reaching the top of the atmosphere, cloud models

were inserted into the atmosphere with a constant cloud base of 1 km.

36



Thickness cases of 1, 2, 3, 4 and 5 km were examined. Variations of

the brightness temperature over land with respect to cloud thickness

and rainfall rate for channels 1 through 4 are displayed in Figures 6

through 10. The surface emissivity over land is taken to be 0.97 for

all channels in this sensitivity study. The energy sensed by channels

5, 6 and 7 originates sufficiently high in the atmosphere that the

brightness temperatures are insignificantly affected by the cloud models

as pointed out previously.

The differences due to thickness for channels 3 and 4 may be

misleading. It is more likely that a positional dependence for the

cloud is being exhibited. Since the cloud base was fixed at 1 kin, only

the thicker clouds reached into the energy peak source regions for

channels 3 and 4 (weighting functions peak at about 7 and 10.5 km,

respectively). For example, a 5 km thick cloud with a 1 km base at a

2 m/hr rainfall rate results in brightness temperatures for channels

3 and 4 of 237.30 K and 228.90 K. The Deirmendjian L-Model cloud used

in the position study has liquid water content approximately equal to

that of the 2 mm/hr rain model and yet a 2 km thick L-Model cloud with

base at 4 km results in nearly the same brightness temperatures for

channels 3 and 4 as the 5 km thick cloud discussed above (237.20 K and

228.70 K, respectively).

Channels 1 and 2 (peaking near the surface and 2 km) show

decreasing brightness temperatures for increasing cloud thicknesses.

The decrease is greater for clouds modeling higher rainfall rates.

For channel 1 at a rainfall rate of I mm/hr the decrease ranges from

20 K for a I km thick cloud to 16' K for a 5 km thick cloud. For a
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rainfall rate of 30 m/hr the channel 1 brightness temperature decreases

140 K for a 1 km thick cloud and 430 K for a 5 km thick cloud. Channel

2 displays the same trends as channel 1 but to a lesser degree. For a

rainfall rate of 1 mm/hr the decrease in channel 2 brightness tempera-

ture as a function of cloud thickness ranges from less than 0.5 ° K to

50 K. For a rainfall rate of 30 mm/hr the range is 40 K to 220 K.

The results for channels 3 and 4 show relatively constant

brightness temperatures unaffected by rainfall rates less than about

3 mm/hr. For rainfall rates greater than 3 mm/hr the brightness

temperature decreases with increasing cloud thickness. The maximum

decreases are 70 K for channel 3 and 20 K for channel 4; both at rain-

fall rates of 30 mm/hr and cloud thicknesses of 5 km.

Figures 11 through 14 depict the variation of brightness

temperatures over ocean having an emissivity of 0.51 with respect to

cloud thickness and liquid water content for channels 1-4. The results

over the ocean are quite different from the results over land. Note

that the only physical difference between these two cases is that the

surface emissivity for all channels is taken to be 0.97 for a land

surface and 0.51 for an ocean surface. The difference in the surface

emissivity reveals that the surface contribution over ocean is approxi-

mately one half of the surface contribution over land, and that the

atmospheric contribution reflected from the earth's surface is approxi-

mately 16 times greater over ocean.

Figures 11 and 12 show that channels 1 and 2 follow similar

trends over the ocean but to different degrees. For all cloud thick-

nesses, an initial reduction in the brightness temperature is observed

for clouds with low liquid water content. For channel 1 the maximum
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Figure 11. 50.50 GHz brightness temperature as a function of cloud
thickness and liquid water content (mid-latitude Spring/
Fall profile over ocean).
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Figure 12. 53.20 GHz brightness temperature as a function of cloud
thickness and liquid water content (mid-latitude Spring/
Fall profile over ocean). Values of the cloud liquid water
content in this figure should be multiplied by 10-4
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Figure 13. 54.35 GHz brightness temperature as a function of cloud
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Figure 14. 54.90 GHz brightness temperature as a function of cloud
thickness and liquid water content (mid-latitude Spring/
Fall profile over ocean).
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reduction is 20 K, while for channel 2 the maximum reduction is nearly

130 K. At some liquid water content less than 5X10- 2 gm cm-2 the

brightness temperature begins to increase. The turning point occurs

at lower liquid water content for thinner clouds. The brightness tem-

perature then increases until the liquid water content reaches about
1512  -2

15XI0 - gm cm- . For channel 1 this increase results in a maximum

brightness temperature more than 350 K higher than the clear column

value. For channel 2 the maximum brightness temperature is about 30 K

greater than the clear column value. For liquid water contents greater

than 15XI0 2 gm cm"2 , the brightness temperature decreases for both channels

and all cloud thicknesses. Note that the maximum brightness tempera-

ture observed over ocean is very nearly the same as the minimum bright-

ness temperature observed over land (within about 4 - 7°K).

Figures13 and 14 indicate that channels 3 and 4 are relatively

unaffected by a I km thick cloud with a cloud base at 1 km. Increasing

the cloud thickness above 1 km causes steadily decreasing brightness

temperatures. For a constant cloud thickness, increasing the liquid

water content causes a decrease in the brightness temperature. Note

that channel 4 is affected by less than 10 K for all of the cases

studied.

4.2 Dependence on Layer Location and Atmospheric Profile

In this subsection, we first investigate the effect of the

position of the cloud layer in the atmosphere on the upwelling bright-

ness temperature. Figures 15 through 20 display the importance of cloud

position relative to the peak of the weighting function for each channel

over the land surface.
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Channels I and 2 show the effects on a channel when the cloud

is at or above the peak of the weighting function, i.e., the prime energy

source region for the channel. The brightness temperature decreases

rapidly as the cloud is moved higher putting more and more of the energy

source for the channel beneath it. Eventually, the brightness temperature

becomes near constant as all of the significant source region for channel

energy is below the cloud and therefore raising the cloud higher has only

slight effects.

Channels 3 and 4 show the results of moving a cloud from below

the prime energy source region up through the source region. Far below

the energy source the brightness temperature remains nearly constant.

Then, as the cloud moves into the source region, the brightness tempera-

ture decreases significantly, becoming near constant above the source

region as for channels 1 and 2.

Channels 6 and 7 indicate that for channels peaking high

enough in the atmosphere to be free of surface effects, brightness

temperatures increase slightly as the cloud approaches the energy

source region from below.

Sensitivity analyses on the positional dependence were also

carried out over the ocean surface. It was found that the same positional

dependence exists over the ocean as over the land with no change in trends

for any of the channels.

Figures 21 through 28 display the results when the sensitivity

analysis is duplicated for the 300 N latitude, July,profile. Although

the different profile naturally results in different brightness tempera-

tures, the trends noted for the northern hemispheric mid-latitude

Spring/Fall profile for liquid water content greater than about 3X10-2 gm

cm"2 are observed to persist.
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4.3 Interpretation of Results

In order to aid in the interpretation of results Figure 29 is

included which graphically depicts the terms contributing to the cloud

boundary conditions and the mechanisms for energy loss and gain within

the cloud. There are three mechanisms for energy gain within the cloud

caused by gaseous emission, droplet emission,and multiple scattering.

On the other hand, there are three mechanisms for energy loss due to

gaseous absorption, droplet absorption, and single scattering. The

balance of these mechanisms determines whether the emergent energy at

the cloud top and bottom is greater or less than the respective boundary

condition at the cloud bottom and top. Of course, the boundary condi-

tions themselves are an important contribution to the emergent energy

at the opposite side of the cloud. The upper boundary condition is

totally unaffected by the earth's surface. For the lower boundary

condition, quite the opposite is true. When the emissivity (and hence

the reflectivity) of the earth's surface varies, three of the four

contributing terms for the lower boundary condition are influenced.

These include (1) the surface emission term, (2) the atmospheric con-

tribution reflected from the surface of the earth, and (3) the emer-

gent energy from the cloud bottom reflected from the earth's surface.

Finally, it is important to note that the emission terms are generally

stronqer near the cloud bottom due to the temperature gradient within

the cloud; and throughout the cloud, emission by water droplets is

greater than emission by atmospheric molecules.

Introducing a cloud into the atmosphere will then result in
I increased emission within the cloud layer and decreased transmission

through the cloud layer. The three contributions to the cloud top
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Figure 29. Radiative transfer through a cloud layer.
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brightness temperature are emission by the earth's surface, atmospheric

emission and emission from within the cloud layer.

To remove the surface term, atmospheric contribution, or

cloud emission, we simply set the surface temperature, boundary

conditions, or cloud temperature equal to zero, respectively. Each

contribution can be analyzed separately by removing the other two.

In Figures 30 through 33 the effects of cloud thickness

and liquid water content on the three contributions to the cloud top

brightness temperature over the ocean are displayed. The solid line

is the graphical sum of these components and the X's are computed cloud

top temperatures directly from the microwave transfer program for

randomly selected cases. Clearly, for channel 1 the addition of energy

by droplet emission is greater than the energy loss due to droplet

absorption and single scattering for liquid water contents greater than

0.01 gm cm- 2 . This explains the region of increasing brightness tempera-

ture for channel 1 observed in Figure 11. For liquid water content

greater than 0.20 gm cm-2 the droplet emission reaching the cloud top

is nearly constant and represents almost all of the energy reaching

the cloud top. Although the surface emission and atmospheric contri-

butions to cloud top brightness temperature are small in this region,

they are decreasing with increasing liquid water content so the cloud top

brightness temperature decreases slightly also. This explains the slight de-

crease in the brightness temperature for channel I in this region. The

fact that cloud emission accounts for almost all of the cloud top bright-

ness temperature for water content greater than 0.20 gm cm-2 explains

why the brightness temperatures over ocean and over land are nearly the

same in this region. The cloud emission must be less than the reduction
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in the surface and atmospheric terms for liquid water content less than

0.01 gm cm"2 in order to explain the slight decrease in brightness tempera-

tures in this region.

The cloud emission curves remain the same over land. As previously

noted, the surface term is nearly twice as large over land while the reflected

terms are only one sixteenth as large. The direct atmospheric contribution

remains the same. The net result is that the upwelling brightness tempera-

ture at the cloud bottom over land is significantly larger than that over

ocean. For example, our numerical experiments show that the lower boundary

condition over land for a 1 km thick cloud ranges from 2800 K to 2850 K for

rainfall rates of 1 to 30 mm/hr. Over ocean the range is 2000 K to 2400 K

for the same cloud thickness and rainfall rates. Since the loss of energy

within the cloud layer is proportional to the energy incident at the cloud

base, a greater reduction takes place over land. This increased reduction

is associated with the continuously decrease of brightness temperatures with

increasing liquid water content over land for channel 1 as shown in Figures

6 through 10. In these cases, effects of the cloud transmittance is larger

than the cloud emission.

For channel 2 the surface contribution to the cloud top brightness

temperature over ocean is less than that for channel 1 due to the differences

in transmittance as illustrated in Figures 30 and 32 and Figures 31 and 33

for 1 km and 3 km cases, respectively. The atmospheric terms are increased,

however, due to the shape of the weighting function for this channel and the

high reflectivity of the ocean surface. Although the cloud emission contri-

bution for the 3 km case is slightly greater for channel 1 over channel 2,

the net result is a higher cloud top brightness temperature for channel 2.

The lower boundary condition is also higher for the same reasons, resulting

in a greater reduction in the surface and atmospheric terms as they traverse
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the cloud. Thus, for liquid water contents less than about 0.05 gm cm-2 (see

Figure 12) at which the cloud emission is small, we observe the deepening of

the reduction in the brightness temperature. The greater reduction in the

surface and atmospheric terms also explains why the increase in brightness

-2temperature for liquid water content of 0.05 through 0.15 gm cm 2 is not as

large as the corresponding increases for channel 1. Note that the cloud

emission is only slightly larger for channel 1 than channel 2 in the 3 km case

and for the 1 km case it is approximately the same for both channels.

Based on the numerical experiments carried out for the study of the

effects of the liquid water content on the surface, atmospheric, and cloud

emission contributions to the cloud top brightness temperature over land, we

find that nearly the same discussion applies for channel 2 over land as for

channel 1. Thus, no plots similar to Figures 30 - 33 will be presented but

rather some general discussions are made here. The surface terms increases due

to the change in emissivity of the earth's surface. The increase is smaller than

for channel 1, however, due to transmittance differences. The atmospheric terms

decrease due to the change in reflectivity of the earth's surface. The decrease

is larger than for channel 1 due to the shape of the weighting functions. The

net result is that the lower boundary condition increases for channel 2 over

land, but the increase is much reduced for channel 1. For example, for a 1 km

thick cloud and rainfall rates of 1 and 30 mm/hr the lower boundary condition

for channel 2 is nearly constant at 2850 K over land but ranges from 2500 K to

2650 K over ocean. Once again, this increase in the lower boundary condition

results in increased reduction through the cloud. Thus, we find that the bright-

ness temperatures are continuously decreasing with increasing rainfall rates.

Channels 3 and 4 are relatively unaffected by the emissivity of the

earth's surface. This is due to the fact that the transmittance from the earth's

surface to the top of the atmosphere is only 0.023 for channel 3 and 0.003 for
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channel 4 based on the results from the transmittance program. This fact ex-

plains why the brightness temperatures for channels 3 and 4 do not vary much

between land and ocean surfaces. In this study the highest cloud top modeled

was set at 6 km. This is just below the peak of the weighting function for

channel 3 (7 km), but still well below the peak for channel 4 (10.5 km). As the

cloud top moves into the energy source regions for these channels, emission by

the cloud is lower since the temperatures are lower at higher altitudes. Fur-

thermore, the transmittance from 6 km to the top of the atmosphere is less than

0.3 for both channels. Therefore, within the energy source region occupied by

the upper portion of the cloud, the extinction mechanisms dominate over the

mechanisms for the addition of energy, leading to slight decreases in the bright-

ness temperature.

The interpretation of the cloud position dependence illustrated by

Figures 15 through 20 is quite straightforward. Note that the lowest cloud base

examined is at 1 km where the brightness temperatures over land for channels I

and 2 are 265.50 K and 255.20 K, respectively. These values are higher than

clear column values due to the fact that cloud emission exceeds extinction for

a 2 km thick cloud with a base at 1 km for liquid water contents greater than

0.01 gm cm"2 (see Figures 30 through 33). The liquid water content for the 2 km

thick L-Model cloud is 0.23 gm cm- 2 . Thus, as the cloud is moved higher in the

atmosphere, two changes take place. The emission by the cloud reduces due to

the decrease in the cloud temperature. Meanwhile, the lower boundary condition

increases because a greater portion of the energy source region for channels 1

and 2 is below the cloud base. This results in the increased energy reduction

within the cloud layer. The net result is that brightness temperatures for

channels 1 and 2 decrease as the cloud is moved higher up in the atmosphere.

Eventually, the cloud is raised high enough that nearly all of the energy source

regions for channels I and 2 are already below the cloud and cloud
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temperatures are sufficiently low that emission by the cloud is very

small. Then moving the cloud still higher reveals very little effect

so that brightness temperatures are nearly constant. The same discus-

sion applies overocean except that overocean even the 1 km cloud base

shows a reduction in brightness temperatures as compared with the clear

column values.

Channels 3, 4, 6 and 7 have weighting functions which peak

higher in the atmosphere, reducing the effects of surface emissivity.

Therefore, the effects of a 2 km thick cloud are basically the same

over ocean and land surfaces. For clouds well below the peak of the

weighting functions they show no effect on the brightness temperature.

This is because there is no significant energy source below the cloud

to be reduced by the cloud extinction. Also, the transmittance from

the cloud top to the top of the atmosphere is sufficiently small that

emission by the cloud may be negligible. As the cloud moves into the

energy source region, an intricate trade-off of cloud emission and ex-

tinction takes place. For channels 3 and 4 this trade off holds the

brightness temperatures very nearly constant until the cloud is well

into the energy source region. For channels 6 and 7 a very slight

increase in the brightness temperatures is noted. This increase is

less than 0.20 K, however, which is below the noise level of the SSM/T.

Finally, as the cloud is moved above the peaks of the weighting func-

tions, brightness temperatures decrease, eventually becoming near

constant as for channels I and 2.
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SECTION 5

TEMPERATURE PROFILE RETRIEVAL EXERCISES

The main objective of the DMSP SSM/T microwave sounders has

been to derive accurate temperature orofiles in all weather conditions

for operational use. The prime advantage of microwave temperature

sounders over infrared sounders is that the longer microwaves are

much less affected by clouds and precipitation. It seems therefore

important to investigate the effects of clouds and precipitation on

the temperature retrieval program. In this section, we first present

the hypothetical temperature inversion in precipitating atmospheres

using the brightness temperatures calculated from the microwave ra-

diative transfer program. The retrieval program adopted in this study

is the statistical method developedfor the Air Force Global Weather

Central intended for operational use. We also report a number of

case studies using the real DMSP SSM/T data that we recently secured

for clear, cloudy and precipitating cases.

5.1 Temperature Profile Retrieval Using Simulated Brightness

Temperatures

The program that we use for temperature retrieval exercises

is based on the statistical method described by Rigone and Stogryn

(1977). The computer package for the statistical method was kindly

provided to us by the Air Force Global Weather Central.

In the statistical method, the surface emissivity effect is
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first removed so that the retrieval method could be applied to all

surface conditions. For the purpose of outlining the method, we

define

o T (z,-)
TU(v) = f T(z) vz dz , (5.1)

0

and

o aT (0,z)
Td(v) = f T(z) az dz , (5.2)

so that Eq. (2.9) can be rewritten as follows:

TB(V) = cvTsTV(0) [l-Td(v)/Ts] + Ta(v) , (5.3)

where

T a(v) = Tu(v) + Td(v) TV(0) (5.4)

In Eq. (5.3), the second term in the right-hand side denotes the con-

tribution to the upwelling brightness temperature caused by the atmos-

phere only, and the surface effects are contained in the first term.

Since channel 1 centered at 50.5 GHz has a weighting function peak at

the surface, it is utilizied in the context of removing the surface

contribution for other channels. Based on Eq. (5.3), we may define

the contribution to the brightness temperature caused by the atmosphere

only for channels 2-7 in the form

Ta(v.) = T(v) - [T(v) - Ta(Vl)] a(v.), j=2,3,"',7 , (5.5)a Bj Bvl al

where
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6vi Ts TVi (ps)[-Td(vi)/Ts]

: T= T (p)l-T(V)/Ts , and a(v1 ) 1

In the statistical approach, it is generally assumed that

the derivation of the predicted parameter Ti from the climatological

mean Ti may be expressed as a linear combination of the deviation of
i+

the measured data. Upon finding a linear operator D which will yield

a minimum mean square deviation of the predicted temperature profile

Ti from the true temperature profile Ti in a statistical sense, the

predicted temperature profile may be obtained. The linear operator,

called the predictor matrix, may be expressed in terms of a covariance

matrix, which can be constructed experimentally by collecting coinci-

dences of radiances derived from remote sounders with temperature

values obtained from direct soundings. The measured data, in the

present case is Ta given by Eq. (5.5). Thus, we write

Bl al a

A A

Di0 T -T Z~l a +* ZD. (T laj-%j) (5.6)

where T a denotes the mean measured value and we note that TBl is not

defined in Eq. (5.5), and so the first terms contain j=2,'",7. In

matrix notations, we find

T= D' TB + R, (5.7)
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where

4.+ + 4.4
R=T + Tal D a - DT a

and the linear operator D' is a matrix whose first column is -D a and
4.

whose remaining columns are the columns of D. It is clear that the

retrieval technique contains elements depending mainly on the atmos-

phere but not on the surface, and so it should be valid over land,

water, or mixed surface conditions. As pointed out previously, the

D and R may be determined from a large number of upper air soundings

for a wide range of meteorological conditions which have been achieved

over the years and the brightness temperatures calculated for a given

atmosphere.

Shown in Figure 34 is an exercise of temperature retrieval

using the statistical covariance method. The mid-latitude Spring/Fall

profile of a standard atmosphere (solid curve) is used and the observed

brightness temperatures used for the seven SSM/T channels are values

theoretically calculated. The exercise has been carried out for cases

over ocean and land. It is apparent that the procedure outlined above

has very successfully removed surface effects from the temperature re-

trieval. Also shown are the temperature retrievals when a 2 km thick

precipitation layer with a base height set at 1 km, having various

rainfall rates, have been added to the atmosphere. It is seen that

the surface temperature suffers increased degradation as the rainfall

rate increases. Based on these analyses, it seems that large errors

in the recovered temperature profile may be anticipated, even with

microwave sounders, when the atmosphere within the satellite field-of-

view contains precipitation and heavy clouds.
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5.2 Temperature Profile Retrieval Using DMSP SSM/T Data

The statistical method for temperature retrieval described

in Section 5.1 was applied to a number of cases where SSM/T and radio-

sonde data were both available. Two days, 30 October 1979 and 23

November 1979, were chosen during which significant cloud and precipi-

tation events were present over the continental United States. The

cases selected are presented in Table 15 where the satellite pass

times are the actual observation times of the SSM/T instrument. We

find that the scan times are generally between 0000 Zulu and 0600 Zulu

on these two days. Thus, the 0000 Zulu radiosonde observations were

deemed most representative and were used in the comparisons.

Figure 35 shows the retrieved temperature profiles for the

four clear cases; two on 30 October 1979 and two on 23 November 1979.

Except for the Greensboro case, the retrieved temperature profiles

when they are compared with nearby radiosonde data appear to be reason-

ably good in view of the statistical method used. The failure in the

retrieval for the Greensboro case seems largely due to the fluctuated

temperature profile that occurred in the atmosphere. Generally, we

found that the statistical method is working properly when the actual

profile is smooth and when no inversion is present.

The retrieved temperature profiles under cloudy conditions

are illustrated in Figure 36. Apparently, the temperature profile

retrieval program using the microwave frequencies in the 60 GHz oxygen

band is affected insignificantly by non-precipitating clouds. Com-

pared with the temperatures obtained from radiosondes, the retrieved

patterns involving clouds are similar to those under clear conditions.

Note that in each diagram, the percentage of cloud cover is depicted.
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Table 15. Selected cases.

Station Satellite Latitude Longitude Case Type
Name Pass Time (ON) (OW)

Centerville 0346 Z
Alabama (AL) 30 Oct 79 32.54 87.15 Clear

Little Rock 0346 Z
Arkansas (AR) 30 Oct 79 34.44 92.14 Clear

Greensboro 0251 Z
North Carolina (NC) 23 Nov 79 36.03 79.57 Clear

Glasgow 0435 Z
Montana (NT) 23 Nov 79 48.13 106.37 Clear

Bismark 0350 Z

North Dakota (ND) 30 Oct 79 46.46 100.45 Cloudy

Medford 0531 Z
Oregon (OR) 30 Oct 79 42.22 122.52 Cloudy

Green Bay 0253 Z
Wisconsin (WI) 23 Nov 79 44.29 88.08 Cloudy

Monterrey 0429 Z
Mexico (MEX) 23 Nov 79 25.52 100.12 Cloudy

Dodge City 0348 Z
Kansas (KS) 30 Oct 79 37.46 99.58 Precipitating

Omaha 0349 Z
Mebraska (NE) 30 Oct 79 41.22 96.01 Precipitating

Pittsburgh 0252 Z
Pennsylvania (PA) 23 Nov 79 40.32 80.14 Precipitating

Spokane 0435 Z
Washington (WA) 23 Nov 79 47.38 117.32 Precipitating
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Figure 35. Comparisons of the retrieved temperature profiles
(dots) with the radiosonde data (solid lines) for
the four clear cases.

70



35 35

30 30
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Figure 36. Comparisons of the retrieved temperature profiles
(dots) with the radiosonde data (solid lines) for
the four cloudy cases.
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Generally, the retrieved and observed (radiosonde) temperatures in clear

and cloudy conditions are within about 50 K.

In the final figure (Figure 37) we show the retrieved tempera-

ture profiles under precipitating conditions. Again, four cases are

presented in this study. Two cases are selected from 30 October 1979;

both have a 5 mm/hr rainfall rate with 30% cloud cover in the field of

view of the SSM/T. In the other two cases, selected from 23 November

1979, both indicate a 1 mm/hr rainfall rate but with cloud covers vary-

ing from 50% to 80%. The most distinct feature in the retrieved tem-

perature profiles using the statistical covariance method for precipi-

tating cases is the significant and consistent deviation from the radio-

sonde data in the lower boundary layer where precipitation takes place.

In the moderate 5 mm/hr rainfall rate cases, the differences between

the retrieved and radiosonde temperature profiles near the surface are

as large as 10 - 150 K. It should be noted that precipitation in these

two cases cover only about 30% within the field of view of SSM/T. As

for the cases involving 1 mm/hr rainfall rate, about 5 - 100 K differ-

ences near the ground are observed. The findings for these precipita-

tion cases using the real SSM/T data are in general agreement with

those described previously in the hypothetical temperature retrieval

exercises. As shown in Figure 34 the surface temperatures suffer

increased degradation from l0 to 200 K as the rainfall rate

increases from 1 mm/hr to 20 mm/hr. These hypothetical analyses, of

course, assume that the cloud covers the entire field of view.
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Figure 37. Comparisons of the retrieved temperature profiles
(dots) with the radiosonde data (solid lines) for
the four precipitation cases.
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SECTION 6

CONCLUSION

In this study, we have developed a microwave radiative

transfer program for cloudy atmospheres applicable to the DMSP

SSM/T channels. The transfer program takes into account the simulta-

neous effects of multiple scattering and absorption by hydrometeors

and absorption due to molecular oxygen and water vapor in the atmos-

phere.

Sensitivity analyses were carried out to investigate the

effects of the rainfall rate, cloud thickness, and cloud location on

the upwelling brightness temperature over land and ocean surfaces for

two atmospheric profiles. The effects of precipitation on SSM/T

channels I and 2 are shown to be significant depending on the cloud

liquid water content (or rainfall rate), thickness, and surface

emissivity. Over the land surface, increasing the cloud liquid water

content and thickness reduces the upwelling brightness temperature for

channels I and 2. For channels 3 and 4, unless high rainfall rates are

involved, the reduction in the brightness temperature is normally in-

significant. Over the ocean surface, however, the increase of the

liquid water content and thickness may increase or decrease the up-

welling brightness temperature relative to the clear column value.

A significant variation for the brightness temperature is shown for

channel 1. This conclusion is in general agreement with that
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described by Wilheit et al.(1977) using a simple scattering program

for a frequency of 37 GHz. Moreover, sensitivity analyses also reveal

the importance of the position of the cloud layer in the atmosphere

and the atmospheric temperature profile on the upwelling brightness

temperature values.

In addition, investigation of the effects of precipitation

on the temperature profile retrieval using both the theoretically

simulated values and real data was carried out utilizing the seven

SSM/T channels. The retrieval method adopted in this study is the

statistical method developed at the Air Force Global Weather Central

in which the surface effect is removed in the recovery program. The

hypothetical retrieval exercises show that the temperatures close

to the surface suffer increased degradation as the rainfall rate

increases. This finding is also supported by the analysis employ-

ing the real SSM/T data for a number of case studies in which tempera-

ture profiles fromradiosondes are available for comparison Further-

more, the latter study indicates that nonprecipitating clouds have an

fnsignificant affect on the microwave temperature retrieval with accuracy

generally on the same order as in clear conditions.

Although the current study employs only four precipitating

cases in the analysis and may not be conclusive in view of the limited

sample used, it appears that the effect of precipitation on the tem-

perature profile retrieval using microwave frequencies is substantial

and significant. Of course, the reliability of the statistical method

for the temperature profile retrieval in clear atmospheres should be

examined comprehensively and completely utilizing the data that are
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available in different localities and seasons. In addition, in order

to derive the temperature field over the global space, further studies

concerning the influence of precipitating clouds on the temperature

retrieval in the microwave region seem also warranted.
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APPENDIX

LISTING OF MICROWAVE TRANSFER PROGRAM

C MAIN PkOGkAM

PARAMETER NUMCHN=6,NUMLV=40 ,NG:16 Nt4OST:NUMLV,1V
UjIMENSION T(t4MOST) .WtMOST) .TAUt4t40STHUCHN) .TAUS(NMOSTPNUMCHN)o

* EMIS(NUML*1 ,TANT(NUMCHN)
COMMOQN /ANGLE/ UM(ti6),A(NG)#PI
COMMON /SFCEMS/ EM.&S
COMMoli/FHEQ'FMU (NUMCHN)
COMMON/HA'iOU/H(NMOST) .UCNMOST .NUMCHN)
COMMON~ /TAUVAL/ TAUM
COMMON/TANOW/T. W
COMMQ14/PkES/P (NMOST)
COMMON/NLWLEV/ADOHI (10) .NUMNEWteLVNUM
IREAL*8 SFC(2)
DATA SFC/'LAND' e'WATER'/
DATA K7AUIKTAU2/9lAU(','GHZJ'/
CALL PROFIL
CALL TRANMW&IAUMTAUSeO.,1.NUMCHNI,1.)
WRITE16,900) (KTAUI#FmU( i. )tKTAU2,.j:1.NUMCHN)
0O 20 IzIoLVNUM

20 ZITj.Ib.90L) PtI.,T(I),W()(TAUiIPJ)tJINU4CHN)2CONT114UE
REAU{5.9O3I (EMIS(13.I:1.NUMCHN)

60 CALL. ANTEMP(TAOJMPTAU6,TeT(LVNUM) ,EtISeTANT.LVNUN,1 .NUMCHN)
WRITEC6#902) SFC(11.EMISTANT
CALL dSUFF(PvT#*pHlo)

VOU FOkMAT(#1 P(MB) T(K.) vW(G/KGM)'.2Xt?(2XAhF5.2A4)e/)
901 FORMAT(2(2X.F6.1),ZXCES.3,SX,6(ElO.5,5X)PEIO.5)
902 FORMAT(1HOPADPO... EMISSIVITY',4X,6F15.3e/.1HO,12X#

O ANTEN14A TEMP*OLXP7F15.3)

903 FORMAT
STOP

SUBRO~UTINE. PROFI.

C THiIS SIIGROUTINE IS TO R~EAD OISSERVED PROFILES (TEMPERATURE K. MIXING
C RATIO GivKGP PRESSURE Mbs AND HEIGHT KM) OF ATMOSPHERE# AND
C INTERPOL.ATE THE PROFILLS TO THE DESIRED PRESSURE LEVELS (40 STANDARD
C L.EVELS).
C THE LEVELS CAN BE ADL)Eu UP TO 10 LEVELS OF YOUR CHOICE.

PARAMETEk NUMLV:E.0, NM0ST:NUMLV+10
DIMEN~SION TCNMOSVIW(NMOST)tH(NMOST)O5PR(.0)
* OSI(4O).OBIEMP(401,OBW(4OI
commON/PRES/P INMOSY)

COMMON/HANDu/H, U
COMMON/T AND W/Trew
CUMmoN/NLiLEV/ADDHT I 1) ,NUMNEW ,LVNUM

400 FORAAT ( )
201 FoRm^T(IXINLVOUS T(, HIGH. MAX VALUE EQUALS 40.0)
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K~ALDCbt20OI ILV0lS
IF 14 NLvVBS)202p2b3p203

kuZ PIkINT 201
RETU8IN 0

203 IF(N6VO~iS)1Q0e1Obe04
904 NZNLYOS

AiITE(6I.JOIj ObTEMeP

WAITLC60301) QoPH

okITL(69401) 08H
J61 FORMAT(1OF8.4)
302 FORMATC)IePPROFIL VSED CLZIMO DATA (MID LAY SPRING/FALL.) AB0VL

* 7.2y, md')
K=1
D0 100 I:19UMLV

IF (OdPR(K),.Q..O Go To 100
10 IF 1ObPRtN).L(J.PlI)) 60 TO 90

IF IO6PR(N).6T.Pti)) 6O TO 101

IF WUJPR(K).6T.PMI) GO TO 89

IF (K*EQ.1) 6O TO 100
QELlzObTEMP (K)-ObTLMP (K-1)
QtLW:Obh CK)-UBU(K-1I
0LNP:ALO0j(OqPR (KJ/QbPA (K1))
lT()=ULL/DLNP*ALObtPtI)/OBPR(K-1) )4OBTEMP(K-1)
U(I)UL/DL14P*ALOG(P(II/OIBPR(K1)IOBW(K-1)
CALL HNNKP(QkPR(K)UBPR(K-1),P(I)eOBH(K)PO9H(K1I)eN(l))
40 To 100

IF (IK.EQ.21 PRINT 302#P(I)
6O To 10

9(1l):Q8W1K)

99 K=K,1
100 CONIINUE
101 CONTINUE
105 RLAD(5.2001 NU0NEW

NEWNUMNEW
LVtNUMZNUMLVNUMNEW
IF (NUMNEW.EG.0I Go To 210
.4LALJ(5,200) (ADDHTWII1,NEW)
NTOPzI4UMLV

00 206 Z:NUMLVeI,-1
110 IFIMtI)*L.AiUHTlK)) GO TO 206

UO 175 L=NTOPPJ4#-
P(L,I:P(L)
T(L+Il:T(LI
w (L. ) :W L)
mi(L+1 1:11 Ll

175 CO.N7INUE
NTOP=NTOP+I

CALL NEWLVLC~jl

LF(K.GT.NUMNm.O) G0 TO 210
Go TO 110

206 CONTINUE
Z10 CONTINUE

RETURN
END
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SUhiiOU7Ni hlNTkP(5FiOPesp~U~eSPP.SZTujP.SZ8OTeSZZ)

C ~IHI SUmhkfU1 IDA IS TO II.TLHP1iLATE THE OIJLbVED. Hk.ICHTS Tu THE H4EIG6TS
C vF ULSIILi. PwLSbUkE LAYttS.

IMPLICIT LJOUIBLE PhELSIUi (A-lieO-Z)

LIM.I SlOlq ZfI.ATA(eGbU).Ip(5u),ZMAT(2b&jO)eCOLF(SO)

IZ.O1.iDHLL (SLHUT)
Z701I=fDHLE (S&TOP)

P1 OPZflHa.±.SIPT.P)
F P=D8LE(sf'P)
ZTS17iuT
IF (UTST .bT .Z1lPj .TST=ZToP-
F(l.lub.LE.Z7ST) 6U TO P

CuiNS= (SZTOP-S7RUT /MLO6CSIPTtP/SPROT)
SZZzAL0G CSPP/5PhOT)*(.ONS+SZt4C7
GO 1tu 9'4

2 kK=(PTOP-PBOT)/(I.0u/CZToPHALKM)-1.UU/(ZHOTRAKM))

.iEt(PP-P~tT)/k.41.1O/(?HoT+RAUKM)
11 CILTE.N.E'.1) S +2 ZbGLHNUk/RUEN)

h LVJLAzA
ZI Sl =ihLL(SLZI

IF(1STCT4.7LiJLULA=LVLA+1

IF(ZTST.GT.4.75611 LVLA:LVLA+I
If C41ST.67.4.256Ui LVLA:LVLA*1
IF~ CdI.ST..T.,1.7501) LVoLA=JVLA41

IF(Z1ST.cT.i.25UI) LVLA=LVLA+l
IF CZ1ST.,T.k.b5U) LViLA=LVLA41

IF (Z1ST.bTI.650O) LYILA=LVLA1

AA*AY CLVLA)
ZINC=(ZTUP-ZROT)/FLtUAT (N-i)
DO0 10 IzI#N
ZMA7RX(IvI):1.

to CuNYiN~UL
0)0 i~o I=iPN
ZMAIRX(1.23:i./CZuO7+FLO&TCI-I )*ZINC)
110 ib 4=30N
ikAT X(I.J /MATRX(CiJ..)*ZMATRX(le2)

U~i ./ZMATRXa I 2)
IsisAuzfLNADKM

Fl! :fEl~-A*ZZ)/(GwAD.CRAD)
COEI- U 3 F (I)

2U C.UN I 1;4UE

uG 3 I=iPN

Z&sA) Cg0ZZMATNX.je )
21 CONTUhUE

CA.LL %1MwCZP'AT#COLF.iseKb
5tiMpwTulCLEFC1)*ZRLT+COEF(2)*lLOb(7BOT)

Slji)uP:COLF C)iT LP~tLOEF 123*r)LOG (zTo')
tit)Tz I */ZtiCjT
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LJLu gbu JZSPN
Gue- I J) Z-L OrF (J)/IFLUA T W-2)
!LDMpiuT~buVMR(dT+CidkF W.) eRUT
ilc. 101 /ZMOT
h~TP=u cPCuFJ .TOP
1GPF.7 0I/ZTOI

A~I'J1SUfJrP-S)MltA

FI:CowS-SkjMHOT
F 7 =t0:S---UVM1 UP

62 ibEs&,=(ZH0T+2IOI)/2.
1l (A."(ZToP-2BOT)-TUL)95#95eE65

65 SI)MLAs4iLCOEF( I)*iWLAI1+COF(2)*ULOG(ZMLAN)

00 66 J3N
SUt4EAw=ut,EAI.+CoEl L.A*EAw
EAN&i AN/ZMEANI

66 CU141 INU
FJ4ANCuS-umEAN
IF (Fki*FWLAW?G(I.QRU

7*u Z70Pr.7MLANi
F I =P-IWE AN
(70 10 bk

bu Zb0I=7m.dt,
FRI- EAN
(.u 10 0

Ob SZZZS14GL ZMA4
4h ZIlJMrLEgfZZ)

SiMiu~zCuLFt)*7,24CuEF(2)*DLC,(ZZ)

IjIJ 47 Jzj4.N
Sk,VlOP=SUITOP+CvEF (~) *EZ?
EZZZ..UIZZ

97CUNI!'JUL
Al NI SUmTOP-SiMHGCT
PV-:-kK*AlljT*PkOT
SPPZSa6.L i pp)
bid 10 9'd
L.4Tk'V PiriTRIP(SP1I.SFl0T.SPPeS2T0P,-SIOTSZi)
It NWH:.R2

Qq CONILIJUE

END
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SUBROUTIN~E SINQ (Ate#N.KS)

C OBTAINS SoLuTIOli ..F A SET OF S1M.ULTAtNLOUS LINEAR EQUATIONS ...
C A - MATRIX OF COEFFICILNTS STORED COLUMN*ISF. THESE ARE
C UESTkUYED 114 INE COMP~UTATIONS. THE SIZE OF fAATPIX I'At
C IS N XN.
C 8 - VECTOR OF ORIGINAL CONSTANTS (LENGTH N) wHJCbi IS RFPLACFD
C NiY FINAL 6S.LUTION VALUES. VECTOR X.
C W - NO. UF EQUATIONS ANO VARIARLES.
C KS - OUTPUT 0I61T
C 0 FOK iJOwNAL SOLU71ON
C I FOR mSINGULAR %ET OF EQUATIONS

(JOUBLF PkECISION Ath@e8ItA#ToL.SAVE

TOLZOJ *UDUi

LiD 61) J=I@N
JY=.J4 I
.w=:jj+N, I
BIG'.:D.uliO

IF (bABiSCblIA)-OAiiS(A(I.J))) 10#20s,20
lU HlGo=A(lJ)

IMAMfzi
Po CON1aNUL

IF iDAhS(EtIGA)-TOL) bOt35ne4tj
3u. KSzI

RETUjRN

11:1HA X-.j
LDU bb =.P
11=11+N,
12=11+IT

A611VA( 1)

At Ik)=SAVE
50 A(I1)=A(II)/RIGA

SAVL:H( IMAX)
H(IMAXI:H(j)
lh(J)ZSAvE/BlGA

hO IW.SZrN(J-I)
UO his. IX:JYPN
1 XJZ 1CS4 Ix

DC, 7U JX:JY.N

~Jxzlxjx+1T
?U A(IA.JX):A(IA.JX)-(A(1AJ)*A(JJX))
14U h(lXJ:R(LX)-Fs(.J)*AIXJ))
qu NYlqv

!T=NisN
DU 100 j=IPNY
I A I T-.j

I cZt

IAzIm-N

NETuRiki
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Sutweuu1 1tE IAE*iLVL (K)
VAmp~Fh Lkli:'le lioT=# IMOSZLEV+1U
GCOMbvuI/PKEfS/PWE (NI-.OS1)
(.UI~mUN/Ai0U/ALT (oouSt~T) piitNMOST)
(,OMmUN/TAfJDw/ TEMP (N6,CST) .H20 (tMOST)

SI'kMul :Pkt (K-I)

SZRu]:At.T(K-1)

TES i SZHwT
ii (IcST.bT.SZTOP) TEST=S7TOP
IF(ILST.bI) 60 10 10
RIi0tZ SeaTOP-SiORUT I ICZT()P-SLN0T)
PkE(K)=SPHOT,&kHU(.(SZZ-7jOT)
su Ito 11

lb~ CA~LL PlivTHtPtS)'TUPeS.k 0TPkE(1 )#SZTOP.SZHOTebZ7)
11 SI-lE(K)

* TEm.P(K-1)

SURR0I)T1IN IkANMW(T.VTAhSQ?,NUINUi .KUNTUMC')

C ;.UmIUTE IWANSMISSVI745. TO THE TOP OF THE ATMOSPHEPE FROIA EACH LFVEL
C uF T,',I IkUF1LE I.OR EACH LHANNEL (ANTENNA tAIN CHARACTERISTTCS INCLUDEn)

VAgRmeTkh NUN LHNI r.ivUNMLVZ4ON=I16# NI.~uST:NUMLV+10
i)i)UbLE PRECISION IAoieTAX.TOepTlvT2
CUMMOWIu;N)-Ul /ALI (I(WwaTll . TUM(N(OSTl o, ECitOST) vH20iNtAOST;).

*HW Thu(YI) # N HCK o W.ASE vTkN (NOST #NUKCNIJ) #NibLEV (10)
LM04~I /S701IAL/ ALFA
CUMiMts /TAGULW/ Tew
CUMmUjN/HArJOU/H (NMC.S1 I U (NMlOST .NU-CH1N)
CuMmi,I /IEWLLt./Atri,T( 10) eNUNki #LVNUM
GIt4Li.SLN TCI.MDOST .otNMOST)*ALFA(NM0S1 uI*UMCHI ,TAW(I4MOST.NUMCHNI.

* TA%.SG(1...OS7,NU.CHN4)GUM(NUmCHN)

LEI 1LVIUI,,

Diz.I17'.53.j
NAN4. 127

CRHZJi.17;068
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1 1I IN I NiAN/2

tmI-ah I T

LA I
A=U.

ChZLUS(CA*EpTk)

&iLS ( 1+. DO
I;CSmm-I)=DD

k (.4CS
Uto 7 K14:NUIPNIU2

3 G(I.kKD:oANT (1 .1K)*ANTCJ#K)
00D 4~ 1:163

61:64 1.KI)
DO6 b 1=2.127

h GI:6?
GSUm. CKK)=G

7 CUN111NUE

IU LFCZ.FJI.ZLASl) "0 Ti 20
D0 12 K=1#127
UFLATIS-MMI)

SA (K) )ZAK$ (Z+IiF,)

IF(S..(k.G.T.SMAz) Go TO 12

L'UjASIN I A)
5? (hj=:1./COst0U)

12 LUNTINUL
ILAS1 :Z

PU iF(2.LE.t0U14T) (90 Tio 30
CA.LL RA~oEWLVWUM)

3U Lito 120 J=NU14U2
I AUI%6=0.
bo 110 £:1eLEVI1
lUl.=kC I *.) /UMOp

i,,IFfuut) lIjl*101.10.
161I TAU=).

bO lo 103
102 IF (iju.GT. .8so) 7u T 53

6u
56 bu=.'.OE1.TAUW,

I AUl*U:TAul4U4 *

103 Ub 104. k=1#127
7AX=1AU
IF(SA(K).bT.SMAX) GU TO 104.
1i-(1AX.LT..0001) L~O 10 104

II-(AX.I..%99 too, TO io"
15-(SxaK).E.l.) GO 10 1U'4
T..X:1AX**SZ (I)

104~ IOWtK)=TAX
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lF(SA(eK).GT.SMiAX) GO TO 105
65=6S, (Gl*T1*(12*T2)*ODCS(K-1)

10561P

lA =~ (1 .J)
TAWR=.hs(lAUltTAU2)
7AWSiQ( I J)7AWR*TAWt$
IAU1:TAUZ

110 CONIINUE
120 LU14111gUE

GUEPOLITINC I'ASELI(LEVI)
PARAMETER NUMCNN=6,IJUMLV=4O, NMOST=NUMLV+1O
DIMENSION KERNEL(NMOSTNUMCHN),GAMT(NMOST)PRHOW(NMOST)
R~EAL K~ERNEL
COMMON /FRF0/FRGHZ(NUMCHN)

CODMMON/HANDU/H(NMOST),UCNMOSTNUMCHN)
COMMON/PRFS/F' NMOST)
COMMON/'TANriw./TfNMOST) rW(NMOST)
COMMON,/TRNSM-'TRANSUJ4MOSTNUiCHN)
CIJMON/INUT'LT(NMOST)TEM(NMOST),PRE(NMOST)PH2O(NMOST),

t T.t4(9)NTIC PNHASETR(NMOSTNUMCHN),NEWLEV(1O)
REAL NEBASE
DATA RSUI4V/4.615,E6/RSUPDr/2.B7E6/

r: P = PRESSURE* (ME()
T =TEMPERATURE (DiEG K.)

C W = MIXINI; RATIO (GM/KGM)
C H = HEIGHT (KM)
C PHOW = WATER VAPOR DENSITY (GM/M**3)
C VERNEL = WEIGHTING FUNCTION (TRANSMITTANCE/KM)
C GANT =ATTENUATION IN LAYER I TO 1+1 (014/KM)
C FRGHZ = HANNEL FREQUENCIES IN GHZ
C

PRINT 16,(FR0HZ(I)?1=NUMCHN) UECHO CHECK
PRINT 17PLEV1P(LEVI)PP(1) QI ECHO CHECK

C

C COMPUTE WATERVAPOR *ENSITY (RHOW) FROM PRESFTEMP AND MIXING RATIO.

DO 30 1=IpLEVI
RSU1'M=(./(1.4-W(I)*1.E-3))*WCI)*,E-3*RSUPV+RSUDD)
PCGS-P(I)*l.E3 @ DYNES/CM**2
RHOM=FECGS/CR'SUIM*TUl)) @ MOIST AIR DENSITY (GM/CM**3)
PHIO(I)=RHOM*W(I)*.E-3/(1,+W(I)*lE-3) 0 H20 VAPOR DENSITY (Ghi'Ch**3)
RHOW(I)=RHOW(I)*l.E6 Ii H20 VAPOR DENSITY (GM/M**3)

30 CONTINUE
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C COMPUTE ATTENUATION COEFFICIENTS

PRINT 18
DO 35 I-LEV1,1,-I

35 PRINT 19vP(I) .H(I)vT(I),RHOW(I)
NUMLAY=LEV1-1 U NUMBER OF LAYERS IN VERTICAL PROFILE
DO 500 J-lrNUMCN
B=1.0 UTRANSMITTANCE AT EARTHS SURFACE.
A=0.0
DO 215 1=2tLEV1
TRANSC I-I .J)=B
U(I-1 .J)uA
PTORR=P(I)*760./1013.25 0 CONVERT PRESSURE TO TORR (MM HG)
GAMl-GAM02(FRGHZ(J)tT(I)tPTORR) 0 ATTENU. AT PTORRFT(I) BY 02 (081KM)
GAM2=GAMH2O(FRGHZ(J),T(I),PTORRRHOW(I)) U ATTENU. AT PTORRPT(I)PRHO(I)
GAMT(I.)=GAMI+GAM2 9 TOTAL ATTENUATION BETWEEN LEVEL I AND I+1 (DB/KM)

C FOR GROUND UP USC DH=H(I+1)-H(I)
C FOR TOP DOWN USE DNuH(I)-H(I+1)

DH=H(T-1)-H(I) @ THICKNESS OF LAYER (KM)
IF(H(i-1) .EQ. H(I)) DH=N(I-1)-H(I41) RFOR FRICIFITATING CASE

C LET ADB=GAMT(1)*IIH (FLUX ATTENUATION IN rD)
C PU~T DB-1OLOGlO(I(l)/I(2)) WHERE 7(1).GT.1'2)
C THEREFOR ADGAMT(l)*DH=10LOGI0(1(1)/r(2))
C ADB/10=LOG1O(I(l)/I(') )p OR 10**(ADB/10)=I(1)/I(2)
C (r~/0L(0~~Il/() OF, (LN(10)/10)*ADB=LN(I(i)/I(2))
C SO C .2-302")*GAMT(l)*DH=LN(I(1)/I(2))=-LN(1(2)/I(l) )=A
C SINCE TRANSMITTANCE. TNU2=I(2)/I(1)
C THEREFOR (.2130259)*GAMT(l)*DH=-LNJ(TNU2-)=At AND EXF(-A)=TNU2
L
C SIMILARLY FOR LEVEL 3p AriI=GAMT(2)*DiH
C AND (.230259)*GAMT(2)*DH=-LN( I(3)/I (2))
C AND (.23025Q)*GAMTU2)*DH+A=A YIELDS

C THEN -AmLN(1(3).'h(1))=LN(TNU3)t THUS EXF'P-A)=TNU3

C SIMILAF:.Y FOR ANY LEVEL N9 EXF(-A)=TNUIN

A=A4.23025*GAMT(I)*'N -LN(TNUN)
WATEN=(B-EXF(-A))/DH @ (DELTA TNU)/(DELTA HT)
VERNEL(I,J)=WATEN R WEIGHTING FUNCTION
B=EXF'(-A) @ TRANSMITTANCE AT LOWER LVL OF HXT LAYER.

215 CONTINUE
TRANS(LEVI .J)=B
Ut LEVI. J)=

500 CONTINUE
1000 CONTINUE

16 FORMAT(IHOP'CHANNEL FREOS(GHZ) 'p(iOF7..q2X))
17 FORMAT(1HOF'PROFILE CONTAINS '.13.' LEVELS FROM 'PF7.2p'MB TO'.

*F7.2i'MB')
19 FORMAT(lHOP'ECHO CHECK',T15,'PRES(MD) tT35,'HEIGHT(KM)',T55,

* 'TEMP(rIEG K>',T75P'N20 VAPOR DIENSITY(GM/M**3)'t/)
19 FORMAT( lXT15,F98.3,T35.F7.3. T55.F6.2.T75.E9.4)

RETURN
ENDI
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FUNCTION GAMU2(FkEtv#TsP)

C (.OMPUTE$ OJXYGEN ATTENUATION USING MEEKS AND LILLEY PARAMETERS

C FRLG FREQUENCY (6112)
C iwU z FREWUENCY (liZ)
C I = TEMPERATURE (DE6RLES KELVIN)
C P = PRESSURE (TORRI

REAL NU
REAL. NUPL(45) ,NUMI 1'5)
IF(i1.EG.10396) GO TO 2

C QXYGEN AbSORPTION LINE4

NUPL (1) b6 .2b4 8E9
"UPL 3)=b&.4466E9
NUPL (5a :9* 59I0E9
m.UPL t7 )Z00.'434E9
14UPL(9)=ol.1506E9
NUPL.(11 )=bl.bOO2E9
NUPL(13)=62.'.112E9
NUPk.b163:2 .9980E9
NUPL( 17) :63.b68 5E9
NUP6(193:64.127219
W(JPL(21)=b4..0779E9
tNUPL(233 :65.*~44E9
NUPL(25):65.7626E9
NIJPL.(27 )=b6.z97L9
NUPL (29)=66.* 63L9
I4UPL(31) :67 .3627E9
N4UPL(33) :67.8923E9
NUP60~5)=6 8.'4205E9
iqUP637)=8.947sE9
NUP. (JQ) 69.474 IE9
W'dLPL (41 )Z70.0000L9
NUPL(43) :70 .b244E9
14UPL 45) :71,*049 7E9
NUMI (1)=118.75059
NUMI (3):c6Z.4bb3E9
NUMI (5)=oO#3061 E9
NUMI (7):59,1642E9
NUMI (9)=bd.3k39E9

i'UMI (13) :b6.9b02E9
1hUMI (15 )=5 6.363i4E9
N~UM1 (17)zS5.78 3 9E9
NUMI (19 )=55.2214E9
NUMI (21)=54*672SE9
NUMI (23):54.1294E9
NUMI (25)=53.5960E9

NuMZ 127):5 3.0b9bE9
NUMZ (291:52 .5458E9
NUMI (3 1 3:5 2.02 5 SE9
N4UD4I 33)z51 .bO91E9
NUMI I5):bO.9949E
NUMI (371:60 .483 0E9
NUMI j39) :49 .'173 OE9
NUM10(1):'49.464 80.
NUMI(432:48.9b82e9
NUMI (45)=48.45

3 0E9

PM=267.*41
11=10396

2 CONT114UE
NU=1 .99*FRLQ
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C COMPUTE LINE*1OTH

IF(P.LT.PM) b=.25*C1.,(ALOG(PM/P)l/I.323)
IF(P.LT. d8.957s la:.7 5

UNI2=1DNu1**2

C (AM02 ATTLNUATIO'd COLFFICIENT CDO/MM
C

SUM=0.O
U1103 NI,45v2

FN:N

2+1*/(UNUPL(N) + NUI**2 + DNU12))
3*(FN*(2.0*FN + 3.0)/(FN +1.)
'4+(I./((NUMI(N) - NUj)**2 + ~UNL2)
5+1. /((NUP4I(W') + NU)**2 + DNU12))

6*Fv+ 1*0)*(2*0*Fj - 1.0)/FN
7+1./(14U*.2 + ONU12)
b*2.O*(FN**2 + FN +1.0) *(2.0*FN~ +1.O)/CFN**2 *FN))
9*EXP C-2.0b8'4*FN. (Fti.1 .0)/T)

1103 CONTINUE
rGAMQZ =2.67.IaE-9*p/T**3*NU**2*SUM*DNUI
RETUiiN

FUN.IIOv GAMHPO(FiEw#.TPPTORHPRHO)
C
C 1,) FRLkAJENCY (HiZ)
C I1 TEMI-ERATLJRE (DE6IkELS KELVIN)
C -Ttus: PRE.SSURE (TORR)
C hHO =WAlER VAPOR MENollY (G/M3)
C 42AMIU = ATIhNUATION C.OLFFICILNT (DR/KM)

REAL NU.NUN
DATA iJUN/22.235E9/
P=P1 URN
IF(FkE6.6T.bo.) Go TO 300

C '-OMPU7ES WATE:R VAPOR ATTENUATION USING~ BARRETT AND CHUNG FORMUILA.

C
C hIAkRE)T jA14U CHUNG4C LINLWlL.TN.

C
C LIlinPUlE *ATLtR VAPOR AVTLNvUATION COEFFICIL.T GAMH20.
C

lvj~l-hEQi*1.E9
bAt4IQO =4.56E-23*3.3bEl6*RHO *NU**2/7.S1.5
1slEAlP(-ti''.i')/T(DiU2/UNIU - NUN)**2 * D)NU2*.2)
2 + u~i2/((NU + NUNdis*2 * NU2**2)) * .23ERE-2'4*DNU2)

kETUIkN
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c
.300 C0141INUE

C COMPUTES WAThh VAPOR ABSORPTION FROM GAUT LINE MODEL FORt 163 GHZ
C LINE.

CALL ALPHA5 (FHEUjFMheT.RHGeRE~eRESNONI
6AMti;OkES.IESNON
kETukN
ENDO

SIJRIALUT1I'E ALPI4A5 (F~EGP@Tt kOFPARekSPRESNON)

C COMPUTES ATTENUA710ON FRoN 16A Gc4Z WATER VAPOR LINE PLUS
C LONRESOwANT BACKGR~OUND
C L#RIGINAL PRkjwRAM HY N. f.AUT

C FREW = FREQUENiCY (6"Z)
C P PkESSURE (MILLIBARS)
C I = T.MPEaRA1URF (OLGWLES KELVI1U
C

SQ.RTf (X)=SOHTtX)

F I 6. 1 13 .31 U
ukLIjbuz:3.5hI.1c,.*.47)*pIREA.*2*T /18.0

ONSU43:~ujHT- iJEL0SQ*LNU0Q3**2)
UIIUWl.6i**O.2OO*RHOiAH.I/00.)**(U.1)
Ut.UwvwbZumTF (i)NuWwW**2+FLO6Q)

0tUl4w=SwRTF C NiUW .. 2.OELrnSG)

ONUlh4azrgRTh (CNUlbII.*24LiELOSG)
S1ZI./((FI6-FRE)e2fltij164**2),1./((F644FRO)s*2P+DNU16aep2)
Sk .11CF093-FRiQ)*n240NIu093**2),1 .114FD93*FREO)**2+ONUO93.*02
bAMID.'4Th*kHnRAR*FNLQ**P/T**(2.53 *EXPF(-197.3/T)*DNU6*SI
6AM l(i.849*k#i4RA*FhLQ**2/T* 2.5) *EXPFU(d.54./T).DNU093.Sp

Rk.SZ(AMl .COliV
RES'auN: C AM2460.~3) *CUNV
NE TU04N
EN.D
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SURkOJTINE AN1TEMP(TAM#.TAUISQ.T TSFCEMIS.TA.ISFC.NUI.NU23

C 46ALCULATE CLEAR COLUM14 SIIHTNESS VALUES FOR EACH CHANNEL (ANTENNA

C IEMPLFkA7URES).

PARAMETER NCJMCN4N~bNLMLV'40# NMOSTZNUMLV~lb
DIMENSION TAU(NMObT.NU4CHN) eTAUSQINMUST*NUMCHN) ,T(NMOST).
* EMISINUMCHiN)PTACNUMCHN)

DIMENSION TAUl (NUKdCtlN) TAU2(NUMCHN) .F(NUMCHNI

UQ JNUI vNU
TAUS:TAU(ISFC*J)
REFL:) .-EMIS(jl
F (J)TAU~STAUS*RElL
TAUl (J):TAUC I J)

3 TA(.ihzU.

U0 A. JNUI.NU2
1 AU2(CJ 3 TAU CI *J)
TAC.j):TACJ+.5s(b1.2)*CTAUI CJ)-TAU2CJ) )*CI.FJ)/TAUSQC(eqJ))

'4 TAUI(J)TAU2(J)
H6 H
0O 6 JNUIeNU2
iSZI SFC*EMI S J)
IAUS=TAUCISFC#J3

6 14fjD:TAC(J)+ASTAUS
RETUWN

END

SURktolJTlWE FUFFCPP.T.viH#U)

C INVERT PNOFILES FOR COjMPATIBILITY WITH REMAINING ROUTINES.
C IhAKE THE OPTION FOR CLEAR. CLOUDY, OR PRECIPITATING ATMOSPHERES.

PARAMETER LEV=40#NMCHNZA NMOSTZLEV*1O
rIlMENSIuN P(NMOST).1CNMO%4T3.WCNMOST).H(NMOST)TRN(NOSTN5MC4N)

" *UCI.MQST.NUMCHNJ .TAUABS(NMQOST.NUMCH4N)
COMRON/INPUT/ALTCINMUST) .TEMPCWMOST) ePREINMOST) .H20(NMOST),
" IHeCNSC9) ,NTHICI..NBASE.TRtMNEWLEV(IO3 .TAUAFS
COMMON/I AUVAL/TRANS 4 tMOST *NUMCHN I
CoMMCN/SFCENS/EMIS(NtUMCHN 3
COr4MON/NEWLEV /AODtiT IOI *NU4MNE,.*LVNUN
JZLVNUM. I
DO 160) I:ILVNUM

PHEtK)SPCI)
TEMP4K)ZT II)

ALT(ft)x4 I)
DO bb LtI.NUMCHN
TkNNIKL)TRANSC Ke~l
TAU^NSfKvL)ZUIvL)

so CONl RNUE
I00 CONT INUE



RAU (P200) ICHOSE
GO IL (12SlSO*17ba25).ICHOSE

126 RETukN
ISU CALL rWIVER

RETuN

175 CALL PFILE
RETUkN

a2b CALL SILR
kETukN

a00 FORMATI
END

SUBRouTi wE DKIVER

C
C THu IS UHIVING HOUTINE FOR CALCULATION OF BRIGHTNESS TEMPERATURES

C %ITH INTERVENING CLOU LAYER.

C LXCUTIVL PROGRAM FOR CLOUD AND PRECIPITATION-A SOLUTION OF THE

C kADIATIV TRANSFER EQUATAON FOR A PLANE-PARALLEL CLOUDY ATt4OSPHEm.E

C uSINO THE DISCRETE-OkDINATE METHOD. THIS PROGRAM WILL CALCULATE THE
C KAUIANCE (INTENSITY) AoOVE AND BELOW NON-ISOTHERMAL CLOUDS AT THlL

C *AVLNUMbStk OF SCAMS 01. NIMBUS 6. CLOUD TEMPERATURE GRADIENTS
C IN THE VERTICAL ARE APPROXIMATED BY DIVIDING THE CLOUD DEPTH INTO

C 'ON* AYLkS. CACH LAYEH ASSIGNED A RESPECTIVE TEMPERATURE ACCORIN*
C 10 THE LiPUT ATMuSPHERIj, PROFILE* A SYSTEM OF EQUATIONS FOR THE
C KAuIANCE IS UERIVED FOk THE 16 DISCRETE RAYS.
C*....*....*..............***********.s***************seee*

C sNPUT PANAMETERS. (UNITS)
C **ATMOSPHERIC CONDITIONS**
C ALl ALTITLTUE OF ATMoSPHERIC LAYER ABOVE THE SURFACE KM
C TEMP TEMiPERATUkE COIIESPONDING TO 'ALT' DEG K

C I HL PHESSVME CORRESPONDING TO 'ALT' MILLIBAS
C is20 i.TER VAPuk CONLEmTRATION CORRESPONDING TO 'ALT' GM CM-3

C 6EV NUMbEk OF ATMOSPHERIC PROFILE LAYERS NONE

C
C **CLOUL# PAHAMETERS**
C tiThICA NVMbEM OF CLOUD THICKNESS CASES PER RUN (10 MAX) NONE

C IHKNS ANNAY UF LLOUD 1MICKNESS (MAX OF 9 VALUES) KM
C WbASE ALTITUDE OF CLO60 BASE (REAL NUMBER) KM

C NLYM NuMBE OF 6AYERS WITHIN THE CLOUD (OEFAULT:3) NONE

C **EXTINCTION PHOPERTESs*
C | |II LiAND.E POLYNOkIAL EXPANSION OF PHASE FUNCTION NONE

C 10T SIGLE SCATTEHING ALBEDO ACCORDING TO 'NUt NONE

C NU WAVE NUMBLR (LIMITED TO *ZNTt3T) CM-1
C vEXT EATINCTIOw COEFFICIENTS ACCORDING TO *NUt NONE

C 6V 6114E CONTHIUUT UN TO ABSORPTION COEFFICIENT NONE
C K1 CONTiNUUM CONTRIBUTION TO ABSORPTION COEFF TAKEN NONE
C fPka FOM PAPER OY K J BINEL, (1970) NONE
C
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'IEAL NU#LVvN6AS9
wUULE PgiECI6IOt4 PINO#UM@A@Z
PARAmkTER LEV:'40t IN~gO. MZs25v NGz16# NG2S~e NMOSTZLEV+10
COMI'SQ/INPUT/ALT(NpOSTJ .TEMP(NMOST) .PRE(NMOST, .H20(NMOST) e
" THKNS(9)eNTHICK.NbASE.TRN(NMOST.INTIeNWLEV(1O)e
" TAUAdS (MST, tNT
COMMON /AN"~/ Uf4(NG)JAtNG)PPI
COMMW)I/LbUL/CATMDeATM4R.ATMAeSFCeTHRUSV(INTI .THRUPT(INT) .ZTERt
" #E~bvIPChAN(INT) .CLDEM

COMMON /POLYi P11401MG)
COMMON /bINDOW/ UP1NG2.INT)eDW(NG2.INT)eTHETA(t4),NU(INT)eLv(INT~e
ICK~IINT).CK2(lNT).6UVERT(INI).CDVERT(INT)
COMMON /MADATA/ PINIINGvINT) .PTIINT) .SEXT(INT)
COMNON/NEULE/AOI(10) .NUMNEWPLVNUM
COMMON /FREG/FGHZf(INT)
COMMON Z(13001
COMkON/FLAGS/IFLAG 12)
DIMENSION NEOLV(10)
DATA SPOLGT/* * 97929E10/

9 FORMAT(
t0 ftft. VeLAST

IF (LAST.NE*O) O0 T0 100
C *...*..INPUT CLOUD PARAMETERS e*SS*ee.

RELAD go (IPChAN(I)vI=1,INT)
READ 9. UBC.ATMDA1MIkeATMAesFCIECBfCLDEMeITER
READ 9PNTHIC%.NBASLPNLYR
NTII:ITHICK
REAL. 9P(TMKNSI)plzlpNTH)
REAP) 9*.WT(I)v1:L.SNT)
READI 9v(bLXTlI)#131.INT)
WO 12 J:1,INT

12 REAP) (5#1900) (PINj(I,qJ)9I11161
1900 FORMATIF1698)

CjL&Si~l)z 0 L.0 1401 INICLUDE SFC REFLECTIONI OF BRIGHTNE4SS COeiTRIBl)TION
C FROM AbOVE SCATTERING LAYER WITH LOWER BOUNDARY VALUE*
C
C I INCLUDE SFC REFLECTION OF BRIGHTNESS COIITRISUT&ON
C FROM AbOVE SCATTERING LATER WITH LOWER BOUNDARY VALUE.
C IASSUME TOP/DOWN THROUGHPUT EQUALS I0)
C
C IFLAG(2)z 0 00 NOT WRITE SCATTERING PARAMETLRS TO FILE 20.
C
C eNL*C WRITE SCATTERING PARAMETERS TO FILE 20.
C 1IFLAG(2IRAINFALL, RATE IN MM/HR 100 YILLOS RFR:O
C

00 1 I zlINT EWAENMRS15 NU(l)Z(FwHZ(I)SloE9)/SPOLGT 19 CHANNE AENMES
Kai

TESTaNBAbf
0)0 50 IZIPLVNUM
IF(AbSIALTII)-ADOIIT(KK) )..1E-6)3 5I3 5.SO

35 NElvL KKi:=I

30 IF(AuS1ALT(I)-TEST)-1.E-60)IOP*O*
4uj NwLEV(K)mI

IK3K,1
TEST=NBASE+ThIINS (K-1)
IF(PK.GTNMNEV3 so To 60

50 CONTINUE
60 PRINT 8000
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8000 FORMAT(SHOOTE LEVELS ADDED TO THE PROFILE ARC ,eX
" *PRtSS(MtSIj)'.OX.'lSHT(KNI'e1OX.'TEI(DI K)9#jSXv
* 9MIX RAT(GN/KG)9J
00 01 IM1eNUNNEW

PRINT 2OO1.PNg(j) .AITI(JI .EP(.fl p0480
2001 FORbATI5M.F9.2t1OX.F10.8.ISX.F11.8,1OX.E15.5)

as CONTINUE
KSTOPSO

C
C CHECK~ FOR LAST DATA CASE
C 09TERMINE EXTINTION COEFFICIENTS ONCE PER DATA CASE USING IKITOP'
C IN SUbSEQIUEN7 ROUTINI.
C EXECUTE ENTIRE CODE ONCE FOR EACH INPUT CLOUD THICKNESS tTwmKS)
C

DO 90 KTMKI~:,NTI4icK
85 CALL SNOHY (KSTOPPKTHK.NLYR)

CAL.L RAD (KTHK#NLYII,0STOP**85)
90CONTINUE

10o CONTINUE
RETURNd
ENO)
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SUBOUTINE BNRT(KbpTOPvKT4K#NLYR) *
C CALCULATE UPWARD AND OWNWARD kiRIGIITNESS, TEMPERATURES AT THE CLOUD
C bOTTOk AND TOP (bOUN0AILI CONDITIONS)

C
REAL LVvNU
PARAMETER LEV=40. INT=6. MZ:*5v NG=16* NS2ma. NMOSTaLEV+10
(DOUbLE PRECISION UkoApCCRAO
REAL NBASE
CONMON/LW#4ULT/USC ,ATNO.ATM4ReATMA.SFC eTHRUSV (ZNT) .THRUPT( IN?). INTER

* 0ECovIPCMAN(INTICLOEM
COMMON/INPUT/ALT(NbOST) v TE4P (NMOSTi @PRE INMOST) .I420(NMOST)v

* THSINS(9) NThICKeNbASETRN(NMOSTe IN?) .NWLEV(1O)
* #TAUABS(NMOSTPINTI
COMMON /ANOL/ UM(hG)vA(NG6)oPI
COMMON /SINDOW/ UP(NG2,INT).DW(NG2.INT).THETA(NOINU(INT).LV(INT)e
* CKItINTJ.CK2aINTh#CUVERT(INTI.COVERThINT)
COMMUI/NLSLEV/AOWIT (10) .NUMNEWLVNUM
COMMON /SFCEkS/ EMISeND
COMMON /KACJATA/ P~hZ (NO. NT~ ,PT INT) ,UEXT(ZNT)
COIMON/FLAGS/ IFLAG 1*)
DIMENSION TAUSGIN~ST. INT)
DIMENSION TAUMINMOS7o INT) ,TAU(NMOST#INT)
CIMLNiSION TAW400(NhOST.INT) .EMIS(INT) cEUP(INT) EOW(INT) I
(DIMENSION CUrtORZ(INT) .CONOZ(INT) eCCRAD(INT.NG)
P1Z3* I'1b92b536
KSTOP=KSTOP~l
IF (ISTOP*GT*L) G0 TO 40
WRIE; 16pIo NBASEPTHKNS(KTHKI
WRITE (6.109)
00 30 IZIPINT
IF (IPCHAN(Z).Eg*0) G0 To 30
WRITE (6@1901(~~,TI.ETI)(IIJI.lN)

30 CONTIN1UE
40 CONTINUE

C
C PETERMINE GAUSSIAN PIAURATUkE WEIGHTS FOR DISCRETE ORDINATE METHOD
C NGr3NUMBEJk OF GAUSS POINTS (16)
C UN-COSINE (THETA)
C AmuEuADRATURE WEIGHT VALUES
C

CALL GAUSS (hG.-,ooD0#1.000)
C
C LOOP FOR ANGLES
C

iKOUNTa2
DO 102 Jx1.NGZ
Am +JNG2
UM0zSWGL(UN(Jl)

UMLx$NGL (UM (J))
UMZZSNpL (UM (%J)
THETA lD)zACOS(UM1).150s/PI
THETA (jJ)zAC(DS(um2) s60*/PI
CALL TRANMW(TAUMPTAUSG.O.CieINTCKOUNTCUNOI

110 70 P31,LVWUN

go1 00 MCIPINT
60 TAU(LoM)STAU4(KPM)
70a CONTINUE

NBSN0LEY (I)
NTOPatWLEV (KTH4I)l
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C
C 600OP FOR CHANNELS
C

00 60 IZIFRNT
THRUPT(I)M1.O
ZF(IPCHAN(I).EQO) 00 TO 60a
g00 7b mEI4Top$LVkwU
IF(TAU(MoI) *NE* 0.) 60 TO 74
TAUMOL, (N £1.0.
Go TO 75

74. TAUMOlo(M.1).IAU(NTUP.Il/TAU(M.1)
75 CONTINUE
60 CONTINUE

00 101 1:l.3NT
IF4IPCHANI,().EQO0) 60 To 101

C COMPUTE UOWN*mAR0 INTENUZTY AT THE CLOUD TOP
C

ccD cIz=O.
NTOPI=NTOP+I
iJO 95 m=NTOPI#LVNUk
TbAR:ITEMP(M-I.+TEmP(m) jele

UIEUW(WI+TBAI.(TAUMOD(M..1I)TAUMlOO(NI))
95 CONTINUE

uW(J#11.LDW(I)$uISC
CCNAiJ(I.4JjzuBI.(Db(.DI))
UO 97 K=L#LVNUM4

97 C0141 11UE
C
C COMPUTE UPWARD INTENSIly AT gOTTOM OF CLOUD
C

6SFC.O.
DATtMsO.
kATMUzO.

IF(NU*EQ.1) 60 TO 98
0O 100 KzZtNb
TOARz(TEMP(K)TEMP(K-1) )*.5
IF(TAU(NbeI) @NE* GO) 00 TO 90
WATN:DATM
60 I0 96

90 DA7M:UATmT8AKte(TAU(Ki(.)-TAU(K'1It)/TAU(N~eI3*AT4D
96 RATMu:RATNBTBARS(TAUMOO(K-leI)-TAUNOD(KeZI)S*REFL*TAUMOO)(NS.I

* ATMI
100 CON4TINUE
98 WbFC:TEMP(I).EMIS(I)STAUNOD0(NBeZ)SSFC

RATuMU.EW(1).TAU400g(NS,£1*RKFLeTAUMOD(NBe I).ATMASTNRUPTCII
IF (ATMAoCQO10
*RA~mUsCDVEgtT(I).TAUWOO(NBlS*REFL*TAUNOO(NMBeI~eECB
IF lIFLAr.(I).E6.01 RATMUZO.
EUP(1 )2OATMHATMj~kATNU
UPItJ,)mtup(1)BSFCI
CCRAIj)zDbLEIUPi~jpI))

101 CONTINUE
102 CONTINUE

C
C &XTkiAPOLATE INTENSITIEs TO THETAxO. AND 90 DEG*
C

ICCk^UaI
LEMZ 50
00 110 JAYCIeINT
LF(1PCHAN(JAI.EG@G) 00 To i10
.AiUMz ANT
IUPLaaNsO

96
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CALL EXTHPO(THETAeLCRtAD.TVERTJAY.JOMeIUPOWNI
CALL EXTHP9(THETAPCMADTORIZqJAYPqJIAMeIUPOWN)
CUVEk? (JAY )=TVERT
CUhORZ (JAY )=THORIZ

CALL EXAePO THETAeCCRADeRVERT'JAYetJOUM.IUPOWN)
CALL IXTKP91IIHETALLRADNHORZJAY 1JUW4. UPOWN)
CbLVE.T WA)=(VERT
CUHORtZ (JAY I KHORIZ

110 CONTINUE
WR1Tk; (6p2001 (THKivS(KTHK) * THETA(,J1 eJ.NG2))
00 120 la1.INT
IFIIPCHAN(I).EQ.0) 60 To 120
WRITE 16#210) (NU(I),CUVERT(I).(UP(JeI),JZieN62),CUHORZ(I))

120 CONTINUE
N621=142#1
WRITE (6@220) (THETA(J)#JN62IvNG)
DO 130 1:1.INT
IF (IPCHAN(I).9O.01 G0 TO 130
WRIT&. (6.210) (ZU( ),CDVERT(l)e(DWIJII).J1#NG2).CDOIORZ(1)

230 CONT11UE
RETURN

Ib0 FORIAT VI/vS4X#CLuU0 STRUCTURE' ,/oZ2XvICLOUD TEMPERATURES z(DERI
IVED FROM 7THE ATmos, TEMP. PROFILE * CLOUD THICKNESS)' e/#22X#ICLOUO
2 BASE HEIGHIT :e.F5,2p@KM'olt28Xp'CLD THKNS z9@F4*1#IKM (MAXIMU
3#4 OF 10 VALUfS)I#/eSXr9INPUT ABSORPTION COEFF 'p
4IPi.'X. 'NU' egA.'LV' .X. CKI' ,&X. CK2')

180 FORMAT (/#37ApSpN,LL SCATTERING PROPERTIES OF WATER DROPLEuth'/.

190 FORMAT (99,Fb.~,2('X.F6.3) .RXtFS.5e1X) ./e39Xe8(FS.5.IXI)
200 FORNAT(lnl3731e bft6HTNESS TEMPERATURE AT THE CLOUD TOP AND It

" 'BASE'./p4SA.'CLOjD THICKNESS IrP5o3of KMov//4a9x*#ThE UPWARu to
" ObRJ.HTivESS 'I/*A#'(THETA) (0.0000)',3X.S('(',F7.GP')'.3X)e
"* (90*00001'.//V,5X#'WAVE NOI)

210 FORMAT(5xvF6*4vF1O,3v1K,9(F10 .
3 2XIFl0,3i

220 FORM4AT (/t'8Xo.'THE DOWNWARD 6RIGHTNESS'.//v4XvI(TMETA) (18000O019#
*5Xv8(f('.F?03v9)fpoX)tI( 90.000)'.//v5Xv'WAVE NO')

END
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SUO8R0011-E GAUSS(NeZLeXUI

C SUHROUTW.E '6AUSSO DETFRt4LNES THE (7kUSSIAN QUADRATURF VARIARLES
C IORIMIUMI: LOSIIWE(ThETA).4W9=1A': WE16HTING FACTOR) FOP THE
C nI1SLkETE ORUiINATE METHOD.

C

IMPLICIT DOUBiLE PRECISIOw (A44eO-Z)
CUMM~OIJ iANGLE/ kC16)ev(IA)*VI
DIMEN~SION Z(bu)tPA(b0)
TUL=I .00-16
Pila. 1415926%i35897Q3o+061
AA:k.0* OU0/IJ**2
AD=-bP.UrJOU/ (3.0oAub*PIi**4)
ACz1h11h.ODO(,/C 1L.U00C.PlI**6)
AL:=-125'&474 .OLIjO/(1Li5. On.OUsP11**8
Pik(1)1. D+Ub

Uzi ifn+bou-(2. DD+ Ou/Pl 1) I*
lij1 .uD+iUO/0)$04T C(LN.U.5D+O).2.U/'4.0u.OO)

AF=A/AZ**3
AGMAC/AZ**5
AIIZAD/AZ**7

10 Z(IO=.?*L4O0*PllIii *AEAFAGAN)
DOL hO Kz1eN
X=OCUS(Z(KO.6J3

2(1 PAI2):X
Do 30 tN30hPI
LNNZNN-1

3U PACIvN): (2.0fl4Ou.LNd4-1.OuvtO)sX*PA(N-1)-tEk4N-1.OD40OG)*PA(NN-2))/

PNP3EN*(.'ACN)-X*PC(Id'1) 3/(1.OLO-X*X)
4 XIZA-PAI.PI) /PNP

XDOZXD-70CL
IF I(90U) bO0bO.'.0

4u Xzxi
60 TO 20

SU0 HIKIZX
ito W(KJ=P.00,OU*(1.0L+kd,-X*Xd/(EN*PAIN) )e*2

kETUkN
END
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SUBR(,UTINE ETRPO(1nLTAe INTENS.TVERTe1 JAV.JOUM.IUPOWNI

C Im1S SUNROUTINE IS 10 EATRAPOLTATE THE IN4TEmSITIES TO THETAXOP Alid 90
C RY APPLING LEA51-SQUARk POLYNOMIAL.

C
IMPLICIT OMtLRI PhkECISION (A-HoO-Z)
REAL TIETA#IVERT
OUhLE PRECISION INTLNS
LIM&I.Slii TETAS..) INT~Eco(l)uMpI6)
K214A*IUPOWa
XXZPL0AT IIUI'fwN.18i0)

5 1(231(1.

TI:INETA (1(1)
Tk:TIIETAt112)
T3:JhETAIK3)
IlINTENS (JAY .1()
8kz1NTEwS (JAYpK12)
hS13IITENS IJAYtK3)
C3:1h2-IU)/( (T2-TI).(12-T3) 34(B1-f3)/( (T3-TIR.(T2-T3) 3

C1214-C2*T1-C3eTl*TS
TVENI= C14C*XXC3*XA*XX
Gui 1u So

C
C INE F(JL&(jwlNGi CaTWY 15 F~OR TmETA=9O.
C

LNTRY EX7RPI( THETA. II'TESTVERTeJAYomJOUMXUPOWJ3
XXz9.
KlbR*IUPOWN
fi 70 5

5D CONlINUc
ItETUhN
END
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SUdkoUTliqL RAO (8THKetLTRvSTOPp6)

C FOR A GIVEN CLOWu DEPTh ('KTHKv) THIS ROUTINE APPLIES THL DISCRETE
C OUIINATE METHOD TO THE RADIATIVE TRANSFER EQUATION FOR EACH OF THE
C 4PLCLFILD WAVE tiUOiJRS 4INUO)o

C
PARAmETEk LEVZ'iO. jNT=6# tM:25v NG=16P N62x6. NMOST=LEV,20
&)OUbLE PkcECl$ZON PLNO#UM@A
COM."ON /Ai46LL/ UM(NG)#A(NG)#Pl
COMMON/LbMULT/UOCeATMDPATMR#ATMAeSFCeTHRUSVINT) .THRUPT(INT) .ITER
P ECg.IPCH4AN(INT)

COMMU14 /POLY/ PINO(kOj
COMM.ON /KADATA/ P194 (NG#INT) ePT(INT .BEXT(INT)

C LOOP ThRU MAIN CALCULATIONS FOR EACH WAVE NUMBER (INDEXOJAYO)

m00 30 JAYIAVoINT
lF(1PGHAw(JAy)-E.) 60 TO 30
vQ 10 LzING
PINO(L)zUoBLEI (PINI4LJAYI 3,PT(JAY))

10 CONTINUE
IF IgKSTOP-OT.1) 60 TO 20
CALL IGEN (JAY)

20 CALL TORAD (JAYPKThK.NLYR)
30 CON71NUE

LiO '40 I=IuINT
IF(IPCHAN(II3.EQ.0) 60 TO 4.0
IF(Ab$(TmiIUSVCI)-TgRUPT(I)).GT.0.1J RETURN 4

4.0 CONT11NUE
RETuRN
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c IN&M~TeES *1GEIit,.SA.TeeFLLH0FLLC9,FIL.lOeFLLSO.GUpR
C 'UEP'. tisPA~Imes ANu IuPQffa DETERMINL THlE EIGENVALUES R741)
C ACCOkjlh(. To Tit WAVE NuIkHER £Lloue1973#APPENDIX)

C

PARAM.ETER( NG=16# 1.62=8v INTE6
DOUI9LF PkECISION P-dINjZeVALUES
CUMvMGN Z(130i)
COMUN /E1GEtA/ VALULS(INTeNb2)
(.OMD4ON /POLY/ PINO(I46)

NXZI,
NZN6

1.- oMD1M.GT.lNDIM) GO TO 10

CALL START (7(1).i(NN*1).Z(Z*NI41)PKOZ()Z(NS2*N)IN*7(2*NI)o

GO TO 2u
10 WIkI7h (6#30) N#NOIM#MOWM

PRINTi I4U

20 CON71NOE
lRETuk,4

C
30 FUMj.T 4J15)
i'0 FORhM.T (IOPkOGRAM NMST BF REDLMENSIONED AT MON1*)

END

101



SUHI4OU11NE STAT (8pC#PelvDvSNCOMPEtPOLq4AY)

C b6t*HOUTIj4 'SYAhI' 15 To COMPUTE EIGENVALuES OVALUES(JAY#I)* AND
C kETUNNS THE EIGL14VALULS 7HRAW(H 016EI49 To ITGRA61 WHERE THE
C kAL.IANC. CALCULATIONS AkL MAiDE.

C
PARAMEN Nb?:8# .6I=16P INT=6
DOUIILF PHECISION~ UMeAPeC.BeS.D.TeOMUeCOMPL~EPOLeGSQROOTuPROCTe
IVALuL .VALUESo
(.CMIUN /ANGLL/ UM(NbdeA(NG)PPI
COM.O-U1 /E1GEI4/ VALUkS(INTvN62)
61ME14SIU14 0(1kN)eC(siuN)P(NN).T(N)eD(N).S(N)
(JIMLgSION COMPLE(I.oOL(N~).GtN6).DPU(3O).VAL.UE(NG2)

C

Uu If) I=1,N
10 CALL LLP (P(ieI)vUM4I)vN'LI)

60 210 J=PN
CALL FILLC (ToP(1.1)eP(1.J) eA(J) .C(Iv.J) N)

20 LUN1II14U
CALL FILLh (HtCeUM.#NPNL1I
CALL FILLS (SoRoCeP#N)
CALL FILLD (GoS&N)
IF (A8S(T(l)-1.0).LL.1.E-1O) D(113:0.
0(1 bt I=1.N

3U CONTINUE
14=h/2+1

G( N2 3:1 *00

4=: (114-1) /2
GlJ)zD( 1)

uu CuNlINU.
CALL OPHHM' (GvN2#VALUE@CcMPLE#POLoIRoIER)
rIo ho Ii.IR
SwR~uT=USiRT (0AfS(VALUE( I)) I

(bO 50 J=l.NLI
5,U PIkOOT=(PN001,,j(J) )*SCjPROOT

PNOUI:P(1OT4J (N)
VALUE (I) :SQROOT
IP (PRNU0O.61.OD-02) WRITE (6@80) PROOT

60 CONTINUE
IX. 70 1:1.*2
VALuES(.jAY#13:VALUE CI)

70 CONTINUE
RETURN

C
AO FORMAT (00////// L16ENVALUE ERROR ='#Dld.8/)

END
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SUBROUTINE LLP (YPXeN)

C .. e.s~..LEGENDkE P'OLYN~OMIAL EXPANSION e***s**e*

IJOU8LE PkECISION VPA#G
DIMENSION Yt1)

IF (H.) 10#10e20
IU HfrTUhNt
20 Y12:=X

IF (Nt-1) 10.10@30
30 00 '.0 1=29N

G40 Y(I)GYI1,'CVI1IFOTI

RiETU6N
ENDO

SUOkOU:IN FILLC (Ts1I.pjpA.J.C#N3

C LOPUTELOEFFICLE04T CCIe..J)
C SEE LlOU#, 1973 (APPENL#I)
C

OOUHL: PRECISION T#IPPJPAJ#C
DIML'4S1014 T(1)*PI(1)sPJ(i)

C:0.
00, 10 L:1.N

lii CZC+1(L)*PIL)*PJ(L)
CZC.A.J/2.
HETUHN
ENO
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SURk&DUTIW~E FILLN (S*C*.W.N#NLI)

C SEE LlOue 1973 IWPPENUIX)

DCUHLE PRECISION b#LPU4
bImLN~SIOI* sfN@W)*C(hvN)VuMIN)
0O 20 IZl.NLl

DOC l~b J=IP1.N

20 h(1e11z(jt1i1lOI/UN(I

lii Ii(J.1C(NvI)WA(J0)UM

END

$ti8ROUT1IlE FILL$ (SekieC#P#NI
C
C S(td) IS TRACE OF R(N.NI
C SEE LIOLue 1973 (APPLNOIX)
C

DUUhLF PIRECISIO14 SPBPP#C

DO, l6 1=1@N
S(I)Zu.

JO hIf J=IvN
10 CfII.j)SHIJ)

IF IMOD(N*2).EO.0) NN:N-i
IF (N.LE.2) G0 70 5u
0O 40 1:2.1*1,2
CALL (MPRO (H*C#P#N*NN)
DO 20, J:1.N

24i SII)=SII).P(J)
CALL GMb~k4 IE.PC#NNtN)

DO 30 JzleN

40O CONlINUE
50 IF IN.Ef..N) RETURN

CALL G#4PHD (B#C#PtNPN@N)
Do 60C .zIr1k

Ao s(N)ZS(N).PI.I.J)
RETURN
END
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SUANOUTINE GNPRDJ IAeboe.N*M#L3
C
C THE SUA4COUTINE IS TO COMIPUTE GENERAL MATRIX POUCT.
C

DOUNLE PRECISION keAeB
DIMENSION A(l)eREIleR(11

D0 10 KzLL

DO 1ii J1.#N
1R2184*1

DC0 10 z:Iem

RETURtN

SUBR4OUTINE FILLO (09SPN)
C
C tdi) A-RE COEFFICIENTS OF THE EXPANDED POLVNO.IA. 00 CISENVALUErS.
C SEE LIOUP 197a (APPENLIX)
C

IJOUNLE PRECISION 0.S@X
DIMEN4SION S(1)eD(1)

Do go 1=2014
ILIZI-I
XZO.
00 10 Jz1.IL1

10 xX40(I-J*6(JI
20 D(l~z-IAS(I))/FL0A7II)

RETU#%N
ENO
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WUiUTINE CIPURM (C@IC.14M.RCePOLPIRoZLR)

C SIMI400TINS 'D0kiiMI ANk. 9OPoFB' ARE FOR THE CALCULATION OF POOTS
C tEl6ENVALIIES) ACCORDINeG TO PnLYNOMIAL EXPANSIONS

DIMENSION ClI) .RR(I)eRCII)#POLI)#(4),
OWLE PRECISION. L#bWk#RC.POLo0.EPS&AeN.H#QIvQ2

C
C TEST ON LEADING ZERO COFFICIENTS
C

LPSzi .U-b

IMIL41
11. Ih=Ik-1

IF 11R-1) 4kG#42O#20
20 IF (C4114)) 3n.10.30

C
C oOkVK uP itEku kOOTS ANL NORMAL IZL REMAINING POLYNOMIAL
C

30 IER~u

L=O
A=C(1R)
(JO nu 1=101k
IF (L) 4&0v4U.70

440 IF (C(I)) 66.50.6.

5bCM(I )=0.00

6O TG 8U
60 L=1

IST=I

(.(I)=C(I)/A
FOLI.J)=C I )
CALL OVERFL (14)
1IF tN-21 420.80.80

AO CONTINUE
C
C START RA1ASTOW ITERATION.
C

C IjbE FPLNOILI QA TO ONE
100 AMPOL(1)

MH(IST)=-A
RC(IST)=O.DO
IRMINs-1
u2zU .00
IF' (R-il 130.130.110

110 DO 120 1=201k
01Zt.2
02zluLII,1)

120 POLII)=A.12#QI
130 PUL&IR+1)=A+Qk

GO Ito 300
C (JE(PkEE OF POLYNOMIAL IS GREATER THAN ONE

11.0 IX' i920 Lzl#10
kc 1

0121:02
CALL O)PUFR (POLojoQ.LIMPI)
1IF (1) 11.0,210.230

ieba IF 401) 180.170.160
170 1I' 40p) 180.210.1b0
1R0 60 10 (l90.20.19Ov210)@ N.
190 GIZ-&1

k"+,
GO TO 150
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200 Q2=-ii2

0 71241)Ib

230 .10m

250 14:-eu 41

POL041)0:j

A

IF 41-2) 260*260ti5b
2Efib PUL42)94

POL 11 ) =4
I2k-1
IF Aw.-L) 270#2709i:90

2711 GUO 210 1:JPL
280 POLl 1I)2POL(1Il)POL4II.4124POL(I*32.0I
290 POL(L)ZPOLIL)+POL(L,1)*0P*Q1

POL(INZPOL4IR)*02

R:OSQRT~nABS4A))
IF 4A) 300#300e316

300 I4R4ZST)rn4
RC(4 ST 13s
ISTzIST.1
RR(IST)314
kC(4IST)Z-B
00 T0 320

310 sm4.OSI6444S.N)
RR(IST 1301/8
NC 4 ST 1 :0 DC
ISTZ1ST*I
R41ST)z31
RCIISTJZO.VO

320 IST:IST~l

GO To 90
330 IRz1R-1
3410 A=0.0

00 3he0 1:1.194

POLI11=02
IF EI)D 3b0e360@3b0

350 02ZEIt-621/61
3610 B231.ARS4Q21

IF 40-A) 380@380P376
370 A=82
3AU CON71NUE

POLMMI).00

RCM2)0.D0
IF lIER) 390PS90*1110

390 IF IA-EPS) 4110.1110.100
4100 IERZ-1
4110 RETURN
1120 IER:2

RETURN
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SUU~UTINE DPWFH IC#IC*G@LIM#IER)

DOU"LE PRECISION Aeh.AAPm8.CA.CB.CCCDA.UICI44,I*4eleO2eQ010
IQ2QIGQQl .042.OQ1.002.PSeEPS1 ,C.*
IER:u

t0 .A.J-1
IF W..-1) 40OD*400O.0

20 IF (C(J)) 36@10.30
30 ACU10

IF tA-1.0 40*60F40
80 00 50 I2I..j

C(hZCII/A
CALL OVEI4FL (NJ)
IF (N-2) 400.50.50

so CcM411NU1
40 IF W..-3) I410*3S0.7O
70 EPSzl.-14

LL~fu

Q22w 42)

ACIl)
BHRL(2)
CI4L.ARSIAA)
CAZIJARStRO)
IF MLHCa) 60#90P100

ChZCh/CA
CAsa .00
60 TO 11U

g0 CcCC+CA
CAZI .00

60 T0 110
100 CCZC^*CA

CAMCA/Cft

I10 CDSCG*.100
120 £20.00

AIZA

Del 34*

130 NHin4106fi2*A*C (I)
CALL. OVERFL IN)
IF iN.21 421410.1140

JOG B3*
A-I

IF13-) S.0e0
190 M30.00
160 H8-QI*0-2*A1Ih

CALL OVEMFL MN
IF IN-2) 4200170000b

170 CiseI
613*1
Ala,
0 T0 130

M* NSCASOAbSIA) .CS.OAUS4AI
IF ILL) 190.190.390

190 LSL41
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IF 40ASSIA)-EPS.DASC()~ 200e200.210
200 IF t10*B$1b)-EPS.DAHS4C12M) 390#390e210
eli) IF tooCC) 22U@220#230

230 IF (L-UN)14 28092GUtA1.
94.0 IF 4It-CO) 430#130p2bO
250 IF (0111) 270.260.276
260 IF I(P(2)) 270.1420#270

0(2)=0.00
Go01070

260f *4Z414AX1 (DAfiS(Ali ODASIBI I OARS(CI))
IF (siM) 420P420*290

IF (ii) 3U~e'20.306
300 1.3/iN

IF (rA£IS(.*4-EPS*GAftS(40 310. 310.330
310 IF hIAS(N)-EPS*0ASS(Q2)l 320.320.330
320 LII

60 lu 120
330) IF (L-11 120#120.3.0
31.0 IF lUA8SIN)-EPSI.OASS(01) 350P350P120
350 IF (rA8S,4g)-EPSl*DAhlS(02)) 360.360.120
360 IF iEASS4000INH)-OAE4S(GISOO1)) 370#4409440*
3170 If i(sAablOO"i?.ff-V2465(02.O@2)I 12OP440#04o
380 G(1)zC(l)

0(1=C(2)
013)30.00
GOO.)OODO
RETURN

390 041)301
041)301
013M:1
040.) 21
RETURN

1.00 11R3-1
RETURN

4.10 lENS-2
RE TURN

4.2U I9AM-3
G 60 it .4

1.30 lE~al
14%U W(11=061

RETUO0.
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SUGNOUTINE TfsKAD (JAYPKTHKPNLYR)

C bUbMOUTINL ITORAJ' FOmMS THE MATRIX OF LINEAR EQUATIONS RESULTING
C jPkOM THk. LAYERED CLOUD STRUCTURE AND BOUNDARY CONDITIONS IMPOS"D
C bY THE SUHktOUNIIDNG NON-SCATTERING 4OLECULAR ATMOSPHERE IN LOCAL
C IIIERMODYNAMI#. EtiUlLISNIUM. THE PRINCIPLE CALCULATIONS AkE
C PERFORMED IN THIS ROUTINE WITH THE RESULTANT OUTPUT OF THE SPATIAL
C utihTIBUTION OF RADIANT INTENSITY ACCORDINS To THE DISCRETE RAYS
C 1462G') ABOVE AND NELOw THE CLOUD. VALUES FOR T04E ZENITH ANSLLS
C 0 AND 90 DEG FOk THE TRANSMITTED AND REFLECTED RADIANCE AKE
C m.XTRAPOLATEO FROM A LEAST-SQUARES POLY.* FIT TO THE CALCULATIONS. -

PARAMETEk LEV=*O. &NTG.6 MZ=25t NG=16e kN2:S. NBLM*S4
oh*MgSTZL.EV*1oo *N72=22INT

REAL NUOLVeNUASE
DOUbLE PRtECIbION AXeDIFF.DIFNBeENTENSIFNOReFUNCeINTENSeLEILIIORTt

1OSAOAePINOePULIeHTeSADAeTAU.W.WI.W2,XPL.XXReYPL.YYRPUM.A#
a VALUES
COMMON/INPUT/ALT INmOST) TEMP(NMOST) ePRE1NMOST) eH20INMOST),
" THKNS19)eNTMICKNbA$EPTRN(NmOSTINT)eNEWLEV1O)
" vTAVA8S1NMObT, INTj
COMMON /ANGLL/ UM(NB)@A(Nf).PI
CO0MUNi/LiSMULT/UBCo,ATMDeATMReATMASFCe-THRUSV(IINTl .THRUPT(INT eITER
" PECbIPChAN(INT) eCLUEN
C014MOll /POLY/ PINOING)
COMMON /*1N04JW/ UP(NG2.INT),DW(NG2,INT),THETA(NG)INU(INT3CLV(INT3*
ICK1IINT).CPK2(INT)eL.UVERT(INT)eCDVERT1INT)

COMMON /CLOUu/ TEMPC 1103
COMMON~ /EIGEN/ VALuES(INTeNG2)
COMfiiO/SFCEMb/EMIS iINTl .NB
COMMONi/NLULEV/ADOH1 (103 NUMNEWeLVNUM
COM#4UN/FLAGS/ LFLAG 12)
COMMO1N /NADATA/ PINI(NG#INT3 .PTIINT) .BEXT(INT3
DIMENSION YPLINBI ,YR1NBI INTENS(3.NG) .POLI(NGNB)
UIMLNSIOi LEANGLM) .Wl1NBLM.NGLN3 .w21NGLM.NGLM) ,ACOSUM(NG)
VIMLNSION SAUA1NGeNGIeOSAOAINGCNG)IOPTH(9)eW(NGCNG)ILI(NGLM3
QIIMENSION BINTCI3),TAU13).ENTENS(3eN63*RTINB)eSAVE(INT2)

C
C W.ETEHM1NE EXTINCTION COEFFICIENTS
C

DO 10 Ic1.NGZ

RT(I)VALUESIjAYoI3

10 CONTINUE
c
C COMPUTE LEGENURE POLYNvbMIAL
C

DO 30 ImleNG
00 20 Lalte
61ML-1
XPLzUM 113
CALL LIP IYP6#XPLOLII
POLI1IpL)zPL(L.)

20 CONTINUE
30 CONT INUE
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0Q 40 IONG
UISh4LjtJN(1))I
ACOSUM I )XACOSIUMI)

40 CONTINUE

C COMPUTE SADA

00 60 KsoNG
00 50 LZIONG
iLI-I
XXR3-RT (K)

SA0AKL)=Y~k(L)
50CONTINUE

C FND IGH 0FOR THE S14ALLEST RooT

IF 4NG*LT*1O) Go To 170
il0 160 Nt,$:N62#NG2
ORTZRT IN6S)

COUNTZOPO
70 CONTINUE

COUNT=COUNT+1 *
IT (N6aS) SORT
DO 90 LZ1.NG

XXRZRT (N6S)
CALL DSAuA (YYRPXXN#LI)
SADA(NGSDL)3YVRIL
IF (IISEQ*.1 GO TO 80
SADA(hGSL)xUSAOA(N6S#L)

6O CONTINUE
9go CONTINUE

00 110 1z1.N4
kW(IeI4GS)=0OO

W(I.NGS)2U(I.NGS),PINO(L).POLZ (IeL)*SAOA(NOSL)/(1.ODOUm(tI*
1RT(NOS) 1

t00 CONTINUE
FUNCZFUNC.A(I)*W(IpkGS)/2.@0O

110 CONTINUE
DO 120 621ONG
OSADA (NfSL)30.000
Do 1*0 1s1.14G

120 OSAA(NS.L)3OSAANS.L).A(I)*POLZ (IPI)W(IeN*S3/2.S00
PN~gSAUA (t*S. I
00 130 LZ1.NG
QSAOA(N4SLZOADA (fGSvLl/FN0R
SADA (NOSoL)-OSADA U4SiL)

130 CONINE

ORTU-(1.DO'PIN0(1) )/OSA0AINSeS

DIFFUDADS41D0-FMOR)
IF (OIFF*LE*Ie0.7) 60 TO 150
IF (COUT0E*0*0J 60 To 1*0
00 TO 70

140 WRITE (6P18)0I 0FF
so To 'too

ISO CONTIN"



00 160 LZIeNG

LL=I.,i
KLMQU(LL@2)

IF iKqL*EQ.O) SA0A11465S2#L)ZSADA(NGSPL)
IF 4KL*Eta.1) SADA(NGS2tL)ZWSADA(NGSPL)

10CONTINUE
170 CONTINUE

00 172 121.INT
J=I+4NT
SAVECI)3PT(13

17$AVEIJ3:bEXTCI)
12CONTINUE
8SCA=PT (4AY3.8EXT(,JAYJ
NBOT=NEWLEV (1)
NYOPZNEW&EW (KTHK,11
DTAUAb=TAUAB$(NeOTJAY 3-TAUAS(NTOPJAYI
.dASSaU1AUAB/THKNS (gTNK)
IaEXT IJAT i :ExT (JAT ) gAlS,
PT(4 AY) :bSCA/BEXT I,jAY 3
PRINT 175pJATpPT(J^Y)veBExT(JAY)
0PTm i KTH) ):TIKNS CKTHK)
GN=FLOAT INLYN)
OPTMI=OPTH (KTHA( /Oh
00 100 I~i.NLYR
TAU(I)zDbLEIFLOATI)*OPTHIBEXT(JAY))

180 CONTINUE
C
C VALUES OF W uF ChrARACTLR1STIC EGO FOR SEARCHING THE EZOENVALUES.
C

00 200 IZ1.NG
00 200 Kz1of
*lI .KIZO.000
DO 190 L&.21,NG
SI I.K)ZWtIeK)+PINOILL3*PoLI(IoLL)*SADA(K#LLd/I1e00O*IUMII) RT(I)

190 CONTINUE
200 CONTINUE

C
C MAXIMUM DIMENSIONS OF bOI.UTIOI MATRIX *NOL

NSL=NLYRS#4
0O 210 I21,NGL
00 210 K=1.NGvL
ul (I .K 3zO000

210 CONTINUE
C
C FOR t(-U3)wCLOWA Top bOUNOARY CONDITION# USE W(9#Kl TO WIIO.K)

00 220 131.N082
1121*N&2
00 280 Kal@No
01II.K)XwIII.K)

920 CONTINUE
IF Itd.YR.~eO.1 GO 10 240
LIZNLYRI1
00 230 La1eL1
gO 830 Im1.NG

00 830 K31eN*

230 CONTINUE
d*0 CONTINUE
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C
C FOR WI+U,'-CLOUO BASE BOUNDARY CONDITION# USE W(1.K) TO W(S.ICf

00 250 IzIeNG2
IIzINLYRsNGZ, (NLYX-I )*NG2
UjO 250 KzIeN4
KKzik. INLYR- ) e
WI(IIKK)Zh(IK).DEXP(-RT(K)*TAU(NLYR))

250 CONTINUE
WO 260 IML@NGL
00 260 Kzl*NGL
W2II.K)ZoltIK)

460 CONTINUE

C EVALUATE THlE fL' COEFFICIENTS OP THE1 SOLUTIONS FOR INTEGRAL-
C DIFFERENTIAL TRANSFER LQUATION.
C 1141 CLOUD TEMPERATURE GRADIENT 1S DETERMINED FROM ATMOSPHERIC PROFILE
C INPUT DATA.
C

CALL TC (NLYRPOPTIIGT#JAYKTNK)

UO 270 I=IsNLYR
UzNU CJAYi
BINTC(I)=TEMPC(l)

270 CONTINUE
00 2b0 121.NG2
LII1)2DBLE(Dh(I.,JAY)OBINTCI3))

C THE ARRAY OLEO IS USED FOR EMISSIVITY CALCULATIONS IN WHICH 71*,
C UPWARD AND DOWNWARD INTENSITIES (UPoDW1 OF THE MOLEC ATMO5
C ARE SET TO ZERO
c

LE(l)ZBL.EI-OINTCI1)
880 CONTINUE

IF INLYRoEQ*I) 60 TO 30
o0 290 Lz&PLL
0O 290 IllNo

Ll(II )zDWLE(bINTC (L,1).'DNTc (LI)

0 CONTINUE
20o CONTINUE

00 330 Iz1ING
IF (NLYR*6T*I) 0O TO 310
I IXIeNG2
G0 To 320

310 IIxlNG2*I2*NLTR-1)
326i LI(II)ZDBLE(UPI.JAY)4-INTC(NLYR))

LEL(IISzOLEI.BlNTCINLYRI)
330 CONTINUE

C
C COMPUTE UPARD + DOWNWARD INTENSITIES
C THE MATIA INVERSION WILL RETURN THE L -COEFFICIENTS

c NTOTUN46NLYR
CALL SIMw (W1.LIpNTOTvKS)
CALL SlMij (WZPLEeN7T#KS)

C
C LNTENSITY(leJ) IS FOR THE ITH LAYER - JTH ANGLE 'MU'

0O 360 131.NLYR
DO 370 jzleNG2

INTENS(Ipj)zoooDo
iNTENS(IvJJ)OOOO
ENTENS(I J)Z0O000D
ENTENSIIJJ)20*00DO
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00 360 KmI.NG
NKK

IF (&,NE.1) NK2K+Nb*(I-II
IF tL.GT.11 60 To 340

LNTEN$(IJ)zL6NTENS( eJ)+LE(NK)*W(J.K)
60O To 350

340 INTLktS(I.j)zLNTENStI.J)LI(NK)*W(JKOEXP(RT(K)*TAU(I-1))
ENTENS(IeJ)ziNTENS(IeJ)*LI(NK)*W(JK)*EXP-RT(K)OTAU(I-1))

350 INTL64(IeqJJ)ZINTENhI.JJ)+LI(NK)*W(JJeK)*AX
ENTENS(IJJZNTENS(Iejj)+LE(NK)*W(JJeK)*AX

360 CONTINUE
INTENS(IeJ)ZINTENS(Iej),DBLE(BINTC(I))
INTS(eJJ)ITEN6(A.JJ),DBLE(BINTC(I))
jiNTLNS(IeJ):Z.NTEStlJ),DBLE(8ZNTC(J))
ENTLtNS(I.JJ)ZENTLNb(I 1 JJ+DSLE(BINTC(l))

376 CONIINUE
380 CONY 11UC

ICCILADZO
NJdUM-3

C
C EXTRAPOLATE fLNTL.NS9 (FOR EMISSIVITY) VALUES AT THETA OOP0 AND 90

IUpuwN:0
CALL LXTRP0(TNETA#tLNTENS.TvERTINDUMtJDUM# RUPOWN)
CALL EXTkPg(THETAILNTENS.THORIZ.NOUMeJDUM* IUPDWNN
IF(C6DEM.GT.0.1) E%15S:TVERT/BINTc (I)

C LXTRAPOLATE *INTLNS' VALUES AT THETA a 0 AND 90 DEGREES FOR
C IIANSMITTED AND IEFLECTED RADIANCE USED IN DETERMINING THE CLOUD
C TRANSMISSZVITY AND REFLECTIVITY
C IHE EXTRAPOLATED CLEAR COLUMN RADIANCECUP) FOR THETAxO IS 'CUVERT9
C

IEMIS:0
CALL EXTRPOCTHETA, INTENSeTVERTeNUUMeJDUMe KUPOWN)
CALL EXTRP9(IHETA. 1NTENS.THORXZ.NDUMeJDUMe IUPDWN)
IUPDk#NzI
NDUMz3
CALL EXTRPO(THETA. INTENS.RVERTeNDUMPtJDUMeIUPDWN)
CALL EXTRP9(THETAP ANTENS.RHORIZNDM,JDUMI IUPDbhN)
IF(CUVERl(JAV.-EQ.Q GO TO 384
TRA~s=T VC.T/CU VENT IJAY)
KEFL(;T=RVERT/CUVER1 (JAY)

464 ThRUbV (JAY )zTt#UPTwt.AY)
IF(ITER.L.h.Oi Go To 385
lF(COVERTJAY)eNft.I) GO TO 3
THRUPT(JAY)=Z.O
CDVLkT (JAY :RVERT
GO To 38b

.83 ThR'FT (JAY) :HVERT/CDVERT (JAY)
485 WRITL (6p*20) JAYeMJIJAYI

WhIlLj (6#430) OPTHtiIHJKI#TAU(NLYR)
wRITE (6#440) TVERTRHORIZ

uO 3NO I.N4

WN17 (6#450) THT()ITN(P)TET(J@NESNYj
390 CONTINUE
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Y'YZ1INTENS(1,1)
WRITE (6@1460) T,4ORIZeRVERT
WRITE (6#470) EMISboTRANSPREFLCT
IF(CLIUEM.GTOo1I EMISSM=ENTENS(lt1)/BINTC(2)
WRITE (60860) EMZSb1MtOZNTC(2)
CALL TEMTOP(TEMPNaAbE.KTHK.JAY.EMISSMTVERT.YYYv

INU(tJAY) ,REFLCT)
IFI.JAY*NtoINT) 60 70 400
IF(IFLAG(2).L..0 60 TO 400
wRI7LC20.1000) LVNUMIFLAG(2),NBASETHKNS(KTHK)
WkI7E(20,1OI0) ((TAUABS(Ie@J).li21LVNUM)*J=1.INT)

WR17L(2O.1O20) (ALI(I)olI*~LVNUM)
gjHITEC2O.1010) ((PINI(I~flZ:1.N6)v.,IIINT)

ORI(i~2O.1010) (PET(),11,VINT)

4.00 CONINr'UE
00 405 Iz1.3NT
~J=Z+1NT
PT(I):SAVE(Z1
dEA7(I)=$AVE(j)

'.05 CONTZINUE
RETURIN

C
175 FORI4AT(IN0,9MEVISE& SINGLE SCAT ALBEDO AND DEXT FOR CHANNEL 9012P

* /to SINGLE SCAT ALbEDO',tF5o3#2X'IIEXTz'.F5.3)
'.10 FORMAT (i0x,'5ssss ITERATION FAILED 55551 FIFF z'.E20914)
420 FORMAT (II. '----SPECTRAL REGION' .12p$ '- NU' ,F6.'4)
'.30 FORMAT (32Xv'CLOUD TMICKNES:'F6*2p'(KM) OPTICAL THICKNESSalp

1F6*5t/#3t.X#ITHETA',6X#'UPWARO INTENSITot'5X.'THETA'.5X.'DOWNWARD I
ZNTENSITY' .13

440 FORI4AT(38xt'O.00O',5X.Fl3.5t7X.'90.00OC'.5X.F13.5J
450 FORMAT(36X.FG.4e5X.F13.5.5XeF9.4,SX.F13.5)
460 FORMAT(37X.'90.00000eSX.F13.5e6X.'1S0.0000'.5X.Fl3.5)
470 FORMAT I/.20X. 'EMISS1VITY= ',F9.6*5X. 'TRANSI4ISSIVITY: ,PF9.6p5X. 'R

IEFLECTIVITYz foF9.'../)
*80 FORMAT (/IOX,'MEAN EMISSIVITY Z ',F9.6p

I' CORRESPONUING TO T a ',F7.2,'DEG K')
1000 FORMAT(212*2F10.5)
1010 FORMAT(350E~b.73
1020 FORMAT 150FI095)

END
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SURNULJTINE TC ILA*OPTHI&HGTP.JAY#KTHK)
Cse.e*e.....*ase.*...s*s..se* ********
C ]HIS SUhikOUTINE CALCULAIES THiE CLOUD LAYER TEMPERATURES FROM THE
C INPUT AIb.OSPHERIC TEMI-EWATURF PROFILE# HLIGHT OF CLOUD BASE# AND THE
C NuMNEk OF ISOTHERMAL LAYE.RS APPROXIMATING THE TEMPERATURE GRADIENT
C *.*.*..**.*****.~**.*.*..***...**..
C

PARA.E1EH LLV:MIJ. INT=6t MZ=25v NG=16* NG2=bt NMOST=LEV+10
kLAL NSASE
COMhCJN/1ZPUTI*LT CI.MOST) .TEMP(IIMOST) ,PRE(NMOST) .H20(NMOST).

" THS'U.NTHICKI4BASEeTNN(NOS.!NT).NEWLEV(10)
" PTAUARS(NMOSTPINT)

COMMuN /CLOUD/ TEMPL ID)
CUMM(JNILRMULTIUHC.ATt4OATMRPATMA.SFC.THNUSV(INT) .THHUPT(fINT). ITER
* *U.9*1PCHA14(INTJtiLLOEM
DIMENSlow TLMPNT(I0)

C
C ASSUME: LINEAR ILMP 6RADIENT ....MONOTONICALLY DEC W/ HEIGHT
C

1uXiiUTZ=i~wLLV 11)
lbX1UP=WEWLEL (KTHK+1)
TLMPL ( 1 TEJ..P IUXTOP) .CLnEM
TEMPL.(LA ):TEf4P ( DABU ) *CLDEM
LiT:TLMPL (LA)-TEMPC (1)
DZ=PLOAT (LA )-l.
LA1ZLA-1
0O 10 1:2vLAl
T&MPC(1)=TENPCf1)+IWT/DZ)(FLOATII-1))*CLDEM

10 CONTINUE
IF (..AY.6T.I3 Go TO 30
.RliE (b.'40)
00 kU 1:1.LA
TEM~f-T(i )=TLMPC(l)-P73.I6
IF (I.Eui.1) swITE (E,.50) IPTEMPNT(I)
IF (I.Ew.LAI %RITE (be601 I.TEMPNT(lI
IF (1.NE..1.AN1).I.atE.LA) WRITE (6.70) IeTEMPNT(I)

20 CONTINUE
36 CONTINUE

RE. TUN
C

'40 FORMAT (i'/'48X@CLOUUj LAYER TEMPERATURES')
S0 FORMAT (51XIIPF7.2@9 (TOP)')
hO FORMAT (hlXeII.F7.2p' BHASEl)
70 FORMAT (biXuIlPF7.21

END
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StdiiutTINE 7t.TUjP(TkMPNRA5..KTHKJAYEMISSMeXYetieREFLCT)

C INIS $UhhOUTINE FINUS mtL. RR16BHTNE.SS TEMPERATURL AT
C ilk. SATl.LLITL'S POIN~T 01 VIEw 114i A CLOUDY ATMdOSPI4EPE

PARaf-FTEh LLVZe0..LNIZ6t NMOSTZLEV+1D
kLAL Nhhtk.
COM.moN/11NPUT/ALT1 CNh(ST) .TEMP1 (NMOST .PbtE(Nb4OST) .H2U(NMOST) e

" INka.S(.NhCKI...SEIeTNNMOSTINT)lwEiLV(1O)
" PTAtiAHS(NIOSTPINiI)
(jMMjN/a4LwLLYd/ALJDHT 10 .NUMt4EW.LVNUM
D1MtN'S1014 TAU(NmOb1.INT).TEM4P(NMST)IEMiT0P(2)@TISFC(2)*AN6MODt2)

*iULi I.idO'4bE-eb
C:2.'.q7'Y9E10
CCNTZ2 .. iULTSC* (US*2
At'.Itj(I) =1 1)

TISI-L(.)ZX
TISILI2)=Y
LL.VIZLV14UM
111.JAY.IaL.1) 6O TO hO

AiU ISFLZN~wLEV(K7NaK+13

eii:ItXP(ISFC)

7AUI=TAtj( ISFC*JAY)*&I4GM~nCL)

9..qi K=LSFCPI@LEVI

TAUZTAU(K e.JAY I*AthG#.O(L)
TLNMIUP(L):TLIWTOP(L),O.5*(fIltF2)*(TAU2-TAU1I
TAUI:TAIJ2

90 k1zik
hS=1ISFC(L)*TAU( 1$FLPJAY)

106 Tk.NILP(L)ZTkMTOP(L3.iHS
*wITIA69400) TEMYO.P()eTFMTOP(2)

400 FORkAT (1.10?..' VERI. Re TE* =9vF12.6v1OXv*9.TEMP*AT 8.5 =I
IF12.oo/)

EG.O
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SURkUTINk USADA IY.X.N)

C #aEEkATION Of SADA FUlvClIO4

C
DOUBILE PRECISION Y*A*PIt)O@FIIYZI
C)MFMUN /,POLY PIM(lb)
(IOLNSI0ON VII

IF IN) lUPlU@2O
III RETukN
20 Y42)z-(1.DO-PINUII))IX

IF 4"-1) I0.10.30
3U 01) 4Ui 1=2@N

FISUHLE(A)
Y11:cFl-t.DU0O/FI*YI-1)
VI 141 )=-2.U(iU.(Fi-1.000)41.000-PI4OI1) )/IFI.X)*Y!)'YlI

ubi CONTINUE
kLTukN
ENO)

SuikuiThdL PFILL
C
C WRITE AlM0OHtiERL PRUFiLEbp 7O FILE 20
C

PAIIAME7E" LLV=4i. N~ld.CH4=6NMOST=LEV+IO
LUMMUN/,iPUI/H(NMCS1 ) T(NMOST) .P(NMOST) eH2O(NMOST)PT Me4K9
4I.1h1CK.I*fAbk.THIgENMOST.N4LIMCHNI .NEWLLd (10)
CUMMU14/F.# OdFlqU INUMCIIN)
CUdrtJ/lLL.V/AODD~T I10) .tUMNFheLVNUM
r.UMm0Wl/SFCEMS/EMIS (NvUChi1g
UlMtN~Slu:w lk(1MOSTeNU#.CHN)PIT(NMOST).TP(NMOST)

ISTAT=WtHTRi4b.'fWS6#AX 20.PF/0/TRK/100 *9)

PfIl% 200,1TAT
UV bi IZLVNUW.1.-l

LZM4.o

SU C.ONTINIUE

EI) 11.0l 1I.LVNUM

I'NI,.1 buueoHT(l) eTI (A) .12011). ITR(I.J)) eJ:1NUMCM4N)
IOU LUNIINUL
.eU0 F0jRmj.TI1H1.STATI!D OF Abo%1614 FOR FILE 20. 2 9013)
biOu FoRu4AT1F7.3@el1i 7.3.2Xo7F13.6)
'e0u FoRIMT(IhI.'FILjHT ILMP 1120 9@2Xp7(' TAU('F5.ae') 9))
biIla FUR...TII)eoF7.3.F6.leF7.3.ZX,7F13.A)
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BLOCK DATA

C uATA OF ANTENNA GAIN OF kADIOMETEP. AND CLIMATOLOGICAL PROFILFS
C OF TEMPLWATUHEv HiIMITIvAND HFIGHT.

PARAMFTER NUMLV=4Lb iOSTNUMLV*10 NUMCHN6
CUMIAON/PHES/ PtNMGSI)
CUMMON/FREG/FNU NLMCHN)
C4MiMUN/IAI60W/T(NMOS1).W(NMOST)
COMMONHANDU/HINMUS1).U(NMOST)
COMA.UO/GAIN/GANT( 127NUMCHN)
DATA (P(I).:.NUMLV)/
* *1,.2. .6.1.. 1 .62.,3.,..5. .7.e 0..15..20. .25..30, .50,.60..
* 70..A5.*.100..115.o.135.,1 6O. .200.e25O..300..3fl. .400 30*.7%,.
* 6OU.e570. .620.e670..700..78ti*..50..920..950. .1000.1

OATA FIU/22.235.31.hb52.B5.%3.85.55.45.3
7 .O0/

DATAIGAI.T(I.1) I=1 27)/ 63*0..
* 9.5. 93.7. hb.3. 7A.9. 63.9. bl,7e 38.5. 28.2. 18.q.

11.7. 6.12. 1.53. 1.39. 3.21. 3.60. 3.64#, 2.51. 1.33.
* U.06b. 0.89. 1.43. 1.31o 1.05P 0#355. 0.124v 0.707# 0.9.
* 0.A4. 0.556. 0.%31. 0.695. 0.875. 0.984. 0.873. 0.703. 0.455.

U 0.279. 0.364. O.bb. o.767. 0.86b. 0.733. 0.549. 0.361. 0.153.
* 0.12b. 0.321. L.539. o.5659. 0.513. 0.457. 0.309. 0.279. 0.P15.
* 0.347. 0.409P 0.b20v 0.544. 0.621. 0.594. 0.645P 0.539. 0.477#
* U.422 i

GATACGAT(lI2).z11.127)/ 63*O..
* 96.5* 93.7. 8b.3. 7A.9. 63.9. 51.7. 38.5. 28.2. 18.9.
* 11.7. 6.12. 1.53. 1.39. 3.21. 3.60. 3.64. 2.51. 1.33.
* 0.065. 0.89. 1.43. 1.31. 1.05. 0*355. 0.124s 0.707o 0.9.
* U.846. 0.556. b.31. o.695P 0.875. 0.984. 0.873. 0.703. 0.455.
* 0.279. 0.3h4. obbo o.707# 0.865. 0.733. 0.549. 0.361. 0.153.
* 0.125. 0.321. G.639. 0.565. 0.513. 0.457. 0.309. 0.279. 0.215.
* U.347. 0.409. 0.h20. U.544o 0.621& 0.594s 0.645. 0.539. O.m77.
* 0.422 /

rATAGANT(I.3).I:=1127)/ 63*0.
* 9h.v. 93.7. 85.3. 7a.9# 63.90 51.7. 38.5. 28.2. 18.Q
* 11.7. 6.L2. 1.b3. 1.39. 3.21. 3.60. 3.64* 2.51. 1.33.
* ob.5. 0.Ag9. 1.439 1.31. 1.05. 0.355. 0.124v 0.707. 0.9.
* .R46. 0.556. 6*431. 0.695. 0.875o 0.984 0.8739 0.703. 0.455.
* 0.279. 0.364. 0.584. o.707. 0.865. 0.733. 0.549. 0.361. O.153.
* 0.125. 0.321. b.539. 0.565. 0.513. 0.457. 0.309. 0.279. 0.P15.

6 0.3470 0.409. 0.520t 0.544P 0.621. 0.594. 0.645. 0.539. 0.477.
* U.*22 /

OATAIGANTIIv4)I=.1?)/ 63*0..
* 96.5. 93.7. 85.3. 76.9v 63.9. 51.7. 38.5. 28.?p 18.9.
* 11.7. 6.12. 1.53. 1.39. 3.21. 3.60. 3.64# 2.51. 1.33.
* 0.065. 0.889. 1.@43. .31. 1.05. 0.355. 0.124# 0.707t 0.9.
* 0.846. 0.55b. 0&431. n.695. 0,875. 0.984. 0.873P 0.703. 0.455.
* 0.279. 0.364. O.b84. .7?07. 0.565. 0*733. 0.549. 0.361. 0.153.
* 0.125. 0.321. 0.539. 0.565. 0.513. 0.457. 0.309. 0.279. 0.Pl5
* 0.347# 0.409. U.b20. 0.544. 0.621P 0.594# 0.645P 0.539. 0.477.
* .422 /
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*96.5. 93.7. 85.3. 78.9* 63.9. 51.7t 58.5. 28.?. 18.9.
*11.7. 6.12. 1.53. 1.39. 3.21. 3.60. 3.614. 2.51. 1933t
* U.Obbt 0.A69. 1.143. 1.31. 1.05. 0.355o 0.124P 0.707# 0.9.

U .8146. 0.5b6v 0.@431# fl.695. 0.A56 0.9814# 0.873v 0.703o 0.1455.
* 0.279t 0.3k4. u.6614t a.707.- 0.865v 0.733t 0.5149@ 0.361o 0.153a
* ui.125* 0.321# L.b39. 0.5bh. 0.513t 0.1457# 0.309P 0.279v 0.215t

U .31479 0.1409* lu.b20. n.5414 0.621t 0.594. 0.6145v 0.539. 0.1477.
U .1422/

OTA(GANrfii.6J.1l1.27)/ 63*0..
*9h..5. 93.7. 85.3. 7A.9. 63.9. 51.7. 38.5. 28.2. 18.9.
*11.7. 6.12. 1.b3. 1.39p 3.21. 3.60. 3.64# 2.51. 1.33.

U .06b. 0.o69. 1.43. 1.31. 1.05. 0.355. 0.124. 0.707# 0.9.
O .614.,. 0.556. u.1431* 11.69S. 0.875P 0.9514. 0.873. 0.703v 0.1455.

* U.P79p 0.36~4v 0.5614. n.707P 0.665. 0.733. 0.5149. 0.361# 0.153.
* (.126. 0.321. tU.hM9 o.565. 0.513o 0.1457. 0.309t 0.279P 0.P15.

6 .3147P 0.1409o (.b20. 11.5414# 0.621. 0.591 0.6145. 0.539. 0.1477.
* u.1422 /

DATA (T(I)tl:1.NUMLV)/
0 Uft.2# 2144.2. 256.7. 2&6.2. 262.2. 258.2t 251.2. 2146.2o 2142.2.
* 23S.2. 231.2. 207.2p ep3.29 221.2. 219.2. 2114.2. 215.2. 212.2o
* 211.2. 209.2. 2!6.3# 216.3. 216.3. 218.14. 225.5. 233.4. 2140.14.
* 2b1.7. 25b.u. 2t.9.9* 26s2.2. 268.14. 272.14v 276.2. 278.3. 283.6v
* 267.5. 290.7. 291.8. 2Q3.6/

DATA (W(1I.1l1.rUMLV)/
* 260.. .6669E-3t
* U.6156E-3..9703E-3.4807E-2..3021E-.8973E-1..1703E-0,.P957E0.
* b.3bA8EUi0.5453E(.0.697L00.120441..180E*1..2639E41..313SE41.
* 0.b3U6E4I..7582E*1..IO1oE.2.11OE2.1348E,2/

DATA (H113.1:1.NUMLV)/
* 6*f.25. 61.?8. 54..30P 48.5. 45.60. 43.35P 409214. 38.P7.
* 37.16. 314.114. 31.79. 28.93. 27.10. 25.53. 214.20. 20.69.
* 19.71. 16.73. 17.148. 16.414. 15.55. 114.S4# 13.SP. 12.08.
* 1U.59- 9.358P 8.266. 7.1465P 6.930. 6.186.t 5.796t 4.773o
* 4.102. 3.1472. 3.116. 2.22fi. 1.505. .8297P .5533v .1113/

END
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